AGARD-CP-502 


AD-A247  934 

RUBIIiS 


/n 


AGARD  CONFERENCE  PROCEEDINGS  502 

Remote  Sensing  of  the 
Propagation  Environment 

(La  Teledetection  du  Milieu  de  Propagation) 


OTIC 

| ELECTE  Rt 
„  MAR25i932l  l 


I  Thus  doow&pnt  has  been  approved 
j  lor  puh.'ic  release  acd  sale;  its 
distribution  is  u.iiiaitad. 


Paper s  presented  at  the  Electromagnetic  IVair  Propagation  Panel 
Symposium,  held  in  (  epne,  turkey,  Kith  September— 4lh  October  1991. 


I 


m 


NORTH  ATLANTIC  TREATY  ORGANIZATION 


92-07505 


v/  8  8 


iiiiiiiiiii 


Published  February  1992 
Oi<;tnbution  and  Availability  on  Back  Cover 


.^1 


Best 

Available 

Copy 


ADVISORY  GROUP  FOR  AEROSRMX  RESEARCH  &  DEVELOPMENT 

7  RUE  ANCELLE  92200  NEUILLY  SUR  SEINE  FRANCE 


AGARD  CONFERENCE  PROCEEDINGS  502 

Remote  Sensing  of  the 
Propagation  Environment 

(La  Teledetection  du  Milieu  de  Propagation) 


Papers  presented  at  the  Electromagnetic  Wave  Propagation  Panel 
Symposium,  held  in  Cc§me,  Turkey,  30th  September— 4th  October  1991. 


1 


North  Atlantic  Treaty  Organization 
Organisation  du  Traite  de  I'Atlantique  Nord 


The  Mission  of  AGARD 


of  science  and  technology  relating  to  aerospace  lor  thefoUpwirigputpcKes: 

—  Rccommaidinj  effective  wavs  for  the  member  nations,  to.uscthdrreseardi  and  development  capabilities  for  the 
common  bofetit  of  the  NATO  community;' 

—  Providing  scientific  and  technical  advice  and  assistance  to  the  Military  Committee  in  the  field  of  aerospace  research  and 
development  (with  particular  regard  to  its  military  application); 

—  Continuously  stimulating  advances  in  the  aerospace  sciences  relevant  to  strengthening  the  common  defence  posture; 
— Improving  the  cooperation  among  member  nations  in  aerospace  research  and  development; 


—  Exchange  of  scientific  and  technical  information; 

—  Providing  assistance  to  member  nations  for  the  purpose  of  increasing  their  scientific  and  technical  potential; 


—  Rendering  scientific  and  technical  ass  .stance,  as  requested,  to  other  NATO  bodies  and  to  member  nations  in  connection 
with  research  and  development  problems  in  the  aerospace  field. 

The  highest  authority  v  'hin  AGARD  is  the  National  Delegates  Board  consisting  of  officially  appointed  senior  representatives 
from  each  member  nation.  The  mission  of  AGARD  is  carried  out  through  the  Panels  which  are  composed  of  experts  appointed 
by  the  National  Delegates,  the  Consultant  and  Exchange  Programm  j  and  the  Aerospace  Applications  Studies  Programme.  The 
results  of  AGARD  work  arc  nC|iorted  to  the  member  nations  and  the  NATO  Authorities  through  the  AGARD  series  of 
publications  of  which  this  is  one. 

Participation  in  AGARD  activities  is  by  invitation  only  and  is  normally  limited  to  citizens  of  the  NATO  nations. 


The  contenl  of  this  publication  has  been  reproduced 
directly  from  material  supplied  by  AGARD  or  the  authors. 


Published  February  1992 

Copyright  C  AGARD  1992 
All  Rights  Reserved 

ISBN  92-835-0654-5 


Printed  by  Specialised  Printing  Sen'iccs  Limited 
40Chigwcll  Lane,  Laughton,  Essex  IOI03TZ 


Theme 


-  \  .i 


■  l 


I  novating  complexity  and  sophistication  of  modern  military  sensor  and  weapon  systems  require  a  more 
accurate  and  timely  description  of  die  propagation  environment  for the  entire  electromagnetic  spectrum 
(firm  extremely  lemfrequcgges  ihrooghtheuhraviolet  band).  Active  andpastive remote  senrfng. 
technique,  deployed  from  the  ground,  from  airborne  pfat/pmts  and.  very  importantly,  from  satellites 
offer  the  g^test  potential  for  producing  the  desired  information  in  a  timely  manna:  For  example,  hq>h 
resolution  ionospheric  soundcrscan  provide  temporal  and  spatiai  structure  variations  which  are  critical 
to  performance  of  HF  over-thc-hctizon  radars  and  modem  geotoeation  techniques;  lidars  have  die 
potential  of  providing  continuous  atmospheric  profiles  of  temperature,  humidity,  winds  and  extinction; 
radars  may  heaWeto  sense  refracpvity  profiles  directiyard,ih  combinatica  with  acoustic'j6unoeTS,gjrye 
information'  presently'  •  obtained  by  radtosohdes.  Assessment: of.  propagation  -under.* horizontally 
inhomogeneous  conditions  necessitates  real  time  information  of, atmospheric  structure  of  die  region  of 
interest;  Only  satellite  remote  sensors  arecapable  of  measuring  the  propagation  environment  overawide. 
area  in  a  short  time  span;  The  data  may  be  sensed  directly,  using-active  or  passive  remote  sensing 
techniques  or  be  inferred  through  interpreirion  or  optically  o:  infrared  sensed  imagery.  In  thcabove 
areas,  new  and  promising  remote  sensing  technologies  ate  emerging.  Some  of  the  techniques  (especially 
satellite  imagery)'may  produce  large  amounts  of  dataiwhich  need  spectal.handling  arid  processing, 
schemes  to  be  useful  in  an  operational  environment.  In  addition,  some  sensing  techniques  rely  on 
complicated  physical  processes  which  necessitates  complex  profile  inversion  techniques. 
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Topics  Covered 

1  —  ionospheric  arid  magnetospheric  sensing 

siting  of  tcmperature,'Ku(nidity,  liquid.wa'ter,  wtpd  profiles 

3  —  sensing  oftropospheric  rcfractivity 

4  —  molecularand  aerosol  extinction 

5  —  surface  parameter  (see  surface  temperature,  roughness) 

6  —  profile  inversion  techniques  v 

7  —  data  handling  and  processing  techniques 
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La  sophistication  ct  la  complodtc  Je  plus  cn  plus  eraixies  tics  rcseaux  tic  captcurs  mililaires  ci  ties 
svstemes  -  d"<.rmes:  modcmes  necessiteni  une  description  ,  actualisee  etplus  precise  du  milieu  de 
propagation,  pour-  tout  le  spectre,  electromagnetiqoe  (allant  tks  tres. basses  frequences  jusqu’a 
i'uhrayiolet).  Lcs  technique  dc  tcledetection  actives  et  passives  mises  en  oeuvre  sort  du  soL  soit  a  partir 
de  (Hatefonhes  acriennes,  soit,  e*  surtout.  a  partir  de  satellites,  off ren  ties  meilleurcs  possibility  dobtenir 
lcs  informations  demandees  en  temps  voulu. 

A  titre  dexempie.  les  sondes. ionospheriques  a; Kiiute  resolution  sont  capaMes  de  transmettre.Ies 
satiations  deia  structure  spatio-teinporelle  qui  regissent  les  performances  des  radars  trahshorizon  HE  et 
qui  permettent  Fern  plot  ties  techniques  medemes  de  geotocalisatioh;  lcs  Kdars  offrent  la  possible  de 
foumir  cn  permanence'  dcs  profils  atmosphcriques  ile  temperaturc.-  d'humidite.  d'aricmometric  et 
dextinenon  et  les- radars  pourraient  detect er  dircetement  lcs  profits  de  refraction -et  foumir.-en 
association. avec  ks  sondes  acoustiques.  les  informations  obtenucs  actudlcment  au  moycn  des 
radiosondes. 

revaluation  de  la  propagation  dans  des  conditions  de  couches  tfatmosphere  heterogenes  passe  par 
lobtention  de  donnccs  temps  reel  sur  la  structure  atmospherique  de  la  zone  comaderee.  Seuls  les 
teledctecteurssur  satellite  sont  capables  de  sondcr  le  milieu  dc  propagation  sur  un  large  domainc  dans 
un  interval  le  de  temps  tres  court. 

Lcs  informations  peuvent  etre  captees  soit  directement  au  moyen  des  techniques  dc  tcledetection  actives 
ct  passives,  soit  deduites  par  interpretation,  soit  captees  optiquemen t  ou  par  imagerie  infra-rouge  Des 
nouvelleS' techniques  promcttcuscs  de  tcledetection  commencent’a  apparaitre  dans  ecs  domaincs. 
Ccnaincs  des  ces  techniques  (llmagerie  par  satellite  en  particular)  produiront  degrandes  quantiles  dc 
donnccs  qui  necessiteront  des  systemes  de  manipulation  et  de  traitemeiit  adaples  pour  permettre  lcur 
utilisation  en  environnement  operationnd  Eh  outre,  ceftaines  techniques  de  tcledetection  sont 
.tributaircs  de  precedes  manucLs  compliques,  cc  qui  implique  des  techniques  dlnvcrsion  dc  profit 
(complexes.  ^ 

Sujets  '  ;  , 

•  1  —  la  detection  iqnosphcrique  ct  magnetospherique 

2  —  la  detection  de  la  temperature,  de  ihumiditc,  dc  i’eau  liquide,  des  profils  du  vent 
;  3  —  la  detectfpn.de  la  refraction  tropospherique 
4  —  1'cxtinction  molcculaire  ct  aerosol 

.  5  —  les  parametressurfaciques  (temperature,  clat  de  la  surface  de  la  mer) 

6  —  lcs  techniques  d'irivcrsidn  de  profil 
'  7 —  les  techniques  de  manipulation  ct  de  traitement  des  donnees 
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Advanrcs  in  propagation  motiving,  signal  prixrcssing  anil  cqmpMertec'  ..ology  demand  a  better  spatial 
and  temporal  deferiprion  of  the  propagation  environment' For  examp.e,  efficient  and  accurate  models 
have  boat  devciripCdifor  calculating' tTopospherie  radio  r,  pagation  under  horizontally  varying, 
refracimty  c6niIitiohs:  What  das' not  exit  are  adequate  modeling  of  measurement  techniques  which 
characterize  the  temporalahd  spatial  variability  of  the  refraclivity  ilcM-The  only  hope  to  obtain  the 
needed  measurements  is  through,  remote  sensing  techniques.  The  need  for  new  and  improved  remote 
sensing  techniques  applies  equally  to  ionospheric  propagation  and  to  visible  and  infrared  radiation 
calculations.  •  .  i . .  .  , 

Accordingly,  the  Symposium  addressed  remote  sensing  techniques  for  tropospheric  and  ionospheric 
parameters  affecting  propagation.  It  was  organized  into' seven  sessions;  two  dealing  with,  tropospheric 
rcfractivity,  two  with  sensing  ionospheric  parameters,  one  addressing  sensing  of  aerosols,  one  covering 
sensing  of  wind,  temperature,  liquid  water  and  humidity,  and  a  final  session  on  measurement',' inversion 
and  processi ng  techniques.  A  total  "of  37.  papers  were  presented.  The  Symposium  provided  in  excellent 
review  of  various  remote  scnsing-tcchniques  and  ideas  for  new  directions.  It  was  a'  scientifically 
stimulating  and  rewarding  experience.  ,  -  **• 

Gratefully  acknowledged  are  the  cooperation  and  assistance  received  by  the  Symposium  co-chairman, 
Mr  F.Christophc  and  the  members  of  the  technical  program  committee:  Prof.  P.Broche.„Dr  P.Gannon, 
UrS.Gifford.'Piof.  D.Gjcssing,  Ir  J.  Rogge,  Dr  C. Werner  and  Prof.  K.C.  Yeh.  The  EPP  Executive,  LTC 
R.Cariglia  and  The  EPP  Secretary  Mr  Jean-Philippe  Prouteau  deserve  special  thanks  for  their  excellent 
planning  and  execution  of  the  Symposium  and  their  Kelp  in  preparing  the  proceedings. 

Major  credit  for  this  very  successful  arid  stimulating  Symposium  goes  to  the-Turkish  hosts  who  provided 
superb ‘local  arrangements:' Professor  G.Tbkcr  and  his  staff  facilitated  both  an  excellent' Scientific 
information  exchange  and  many  unforgettable  opportunities  for  direct  sensing  of  the  beautiful  and 
fascinating  local  environment:  ’ 


Jucrgcn  H.  Richter 
Co-Chairman  arid  Editor 
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X^metliod  •  is  ;  presented ,  -that. fallows  Chej-.base 
of.;a  trapping-iayer  to  be,.detefmined';difect.-i 
ly-.from  observations  of  Jr  signal .  strength  -on  .a, 
UHF-path'.'in'. they  southern  California, -coastal" 
area.  , The;, Method  ruse's,  long-term  .statistics' 
of  Strapping  layer- thickness  and,-. ref  ractivity, 
gradient;  in  .the > area .  Theses-statistics  .are 
used  -to  compute  radio .signal  strength: as«a. 
function  of,  the.  base,  height-of  .the  trapping 
layer  using .the  Naval  Ocean  Systems  Center 
Radio,; Physical  Optics  ,(RPO)  : model.,  .The 
rad’o  path -selected, .is  an' over-water  148  km 
pat;/;  aith  transmitter  and;  receiver  .both- 
locatii?  30-  m  above  sea;  .level..  The- ,-RPO; 
results  a.;e  used -to  infer  >the,  trapping, /layer 
Base  height  directly  from  observations  of 
received  signal  strength.  This'-  method -has 
been  applied  to  a  40-day  period  of  continu¬ 
ous  signal,  strength  recordings  during- which 
the  trapping'  layer  base  .height-  was  known;  to 
vary  considerably,  from,  near  -  zero  to  about 
1000’  meter s.i  .Inferred  .base  height;  versus' 
time  i’s  compared  to  direct  meteorological-- 
measurements  of  the .  pass’ of  the -temperature 
invars ion-.in-  the  area-,  of- the  measurements., 

2.  INTRODUCTION 

During.-  .1944  and  ’1945,-  the  U.S.,  Navy  Radio-, 
and'  Sound;  Laboratory  (a  predecessor  of  -the. 


Naval  Ocean  Systems  Center)  performed  a 
radio  transmission  '  /experiment'  -along,  ’the 
coast  of  southern  California  [i,  2],  Trans¬ 
mitters;  .30.  meters.'above  .sea  level  it*  {52  ,- 
100,.  .and  547-  MHz;->werev<placed  sat- >:Sah  Pedro 
(near.  -Los  -- Angeles)  ’and;:receivers;;30;  meters 
above  -sea  ’level’  were,  placed  at  /.Point;  Loma  lri 
the  city  of  .-San  .Diego."  The>-trahsmissi6n 
path  was-148- km  -in  lengthand  was-  entirely 
over  water-*'  Signal  levels.-relative  to  free 
space  , were;  recorded-  Continuously ' for  long 
periods  of  time-  and. meteorological  soundings 
ware.  made,:*uai'ng  radiosondes  vin  -San.  Diego, 
shipboafd-:ballooh-tethered>wired  sondes -near 
midpath;-and  airplane sensors  ’along -andsnear’ 
the  transmission  path/  ;Figure  r. shows  radio 
data -for  the  - three  frequencies-  and  base  of 
the;  temperature-inversion  observed'during  'AO 
days  .from-:lata  August  to  early- October  1944. 

Figure  ;i<,shows.  a  striking :  negative  correla¬ 
tion-  /between:  -the  ibaso  of.  the  temperature 
iriversion-and  the  received, signal  strengths, 
particularly.’atithe  highest  frequency,  of  .547 
MHz,.  .Apparently,- the- heights  of -the.  trapping 
layer --.that-  -is  -usually,  associated  .with  a 
temperature  inversion-,  is  -an;  important,  -if 
not  -dominant/,  factor*  in  controlling'  radio 
propagation:  on  this  over-the-horizon  path. 
Figure5  1,  also  .indicates- 'the,,  meteorological' 
situation  -was-  reasonably,  -homogeneous  in 
range  during  the  time  period  studied,  since 


Figure  1.  Observed  base  of  temperature  inversion  and  received  signal  levels  at, 
547',  100,  and  52  MHz  versus  time  for  the  1944  San  Pedro  to  Point  Loma  experiment. 
Path  length  was  148  km  and  transmitter  and  receiver  heights  were  30  m. 
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the  base  heights  measured  in  San-  Diegg, 
shown  by  the  solid  dots;  are  approximately, 
equal  to  the  base  heights  measured  at  other 
locations  along  or  near  the  propagation 
path*  shown  by  the  open  dots.  These  two- 
characteristics  of  the  data  set  suggest 
using  a- propagation. model  to  infer  the -base 
height.  This  model  assumes  horizontal . 
homogeneity  and  a  simple  tri-linear  modified- 
refractivity  profile;  in  which  allrjcharacr. 
teristics  except  trapping-layer  base  height 
are  derived- from- historical  values  for.rithe 
southern  California  area.- .  ,T f ;  .observed- 
signal  level  could  be  used  to  infer 'the  base- 
height,  then  this  .technique  would’ -be-  the. 
first  step  in  developing  a  remote  sensing 
capability  for  refractivity  structure  based 
on  direct  radio  measurements. 

3  .:  (REFRACTIVITY: STATISTICS 

Modified,  refractivity,'. versus; -altitude^pro- 
files  derived  /from  261> .radiosonde  measure-: 
ments- .  taken:-  at- -  the  ->Maval.  -'Ocean?  (Systems 
Center-  on  .Point  iLoma' -.were,  analyzed.-:  ’The 
radiosondes  were  taken  in  .the: years  1969 
through  1976  and  hover  all  -months ;  of  the 
year.  Nearly  all- -of  the  soundings  were 
taken  during  .the.  day time.  Modified-  refrac¬ 
tivity  in  M  units  and  altitude:  in  meters 
were  calculated  for- each  radiosonde  from  the 
observed. pressure,  temperature,  and  ralative 
humidity.  Each  profile  was  plotted  on  .a 
graphics,  terminal-  where  a  trained;-  operator 
determined  the  best-fit  tri-linear  profile- 
using  a. ’pointing,  device-  and  a  htrial  and 
error"  technique.  The  tri-linear  -profile 
fit  was  evaluated  only  by  the  oporator's 
eye,  and  hence  .the  following-  statistics  are. 
based  .on  subjective  data.  Figure  2  is  an 
example  of  one  of  the  261  measured  sound¬ 
ings;  shown  by  the  solid  'trace,  and  the- 
corresponding'-  tri-linear.  profile,  shown-  by 
the -dashed- lines.  This:  example  is  neither, 
the  best-  <nor  the  worst  fit  of  the  entire- 
set.  Indeed,  many  of  the  measured  profiles 
are -so 'close  to  a  trirlinear ‘profile,  that 
the  original  and  :f it  profiles ’.could  not  be 
distinguished  when  plotted- together. 


Figure;-'?;.'  Sample  radiosonde-derived  refract 
tivity  profile  for  point  -Loma  on  14  AUG' 74V 
22332  (solid)  and  fitted  tri-linear  profile 
(dashed) . 


Of  the  entire  set  of  261  profiles,  the 
median  thickness-  of  the  middle  layer  is 
approximately  .130  meters,  and  the  median 
modified  refractivity  difference  across  the 
middle  layer  is  about:,  -30  M  units,  which 
means  a  trapping  layer  with  a  strength  of  30 
M  units-.  The  mean  gradient  of  the  lbwesf; 
layer  is  0.125 -M-units  per  meter  (M/m)  and 
v.Uietsme'ahVsgradieht.  Vof  the  - highest  layer  is 
;0.iiCj.H/m.f%Based  on  these  statistics,  five 
sets' of;  tri-linear  profiles  were  constructed 
’for  -the.- propagation  analysis  described  in 
this, paper:  -  Eacluprofile  contained  a  trap- 
ip  Ing;  layer-  with  a  strength,  S M,  in  M  units 
and.athickness,  fz,  in  meters.  The  first 
set-  used  the  medians,  6M  «  30  and  Sz  =  13,0. 
The  next  two  sets  varied  6M  arbitrarily  by 
10  M  units  on  either  side  of  the  median, 
i.e.  SM  »  20  and  £M-  =  40,  leaving  ‘iz'v«  :130. 
The  last  two  sets  varied  Sz  arbitrarily  ,by 
3 0-  meters  on". either'  side: of  the-.median f'-'i'1.- e ; 
6z:“ioo  and  *fz/».'d.6p-}  'leaving'-^K'“  ^30.  -For- 
all  sets,therefractivityVgradients  ofthe 
lowest- -andVihighest  'layers", were  set' to-  the 
mean ’values  of  ?0.-’125  and'i‘:3:  il6’fK/mV'  respec¬ 
tively.  sinoe'-only-gradi'ents  of  refractivi- 
ty  are  important  to  propagation"  effects,-  a 
surface  value -of  330  -M  units  was -arbitrarily 
assumed  for;  alf-profiles.  ‘Each  'set  consist¬ 
ed  of  15-prof  lira -with  the  base-  of  the 
trapping  layer  v)  -ying-  from'  0  to  I400*metew 
in  100  meter  step?;  -Note-  that  for  a  base 
height  iof  -0;  there  is  :no- -layer  below  the 
trapping  layer,  and  the  profile  is- actually 
bi-linaar  instead  of-* tri-linear; 

4 .;  PROPAGATION  MODEL 

The  propagation  model  used,  in  this  (Study  was 
developed  -by,  the-author  .and  is  known  as  the 
Radio,  Physical  Optics  ;(RPO).  model.  >RPO  is  a 
hybrid*  model  that,..- combines  full-  amplitude 
and  phase  - ray  optics  (R0);  models  with  a 
split-step  -parabolic  -equation  (PE)  model; 
RO  models  are  -used  for  elevation-  angles 
above  a  limiting  value  that  is  usually  a 
fraction  of  one  degree.  The  actual-  limiting 
value  depends  on  the  profile.  In  tha  RO 
model*,  the;  complete  effects. of  focusing  or 
defocueing.  by  -refractive,  effects:  -of  the 
profile  and  the,  relative  phase  effects 
resulting  from  the  integrated  optical  path 
length  are  considered.  Below  the.  R0  limit¬ 
ing  angle,  a  PE  model  based  on' the  methods 
o"f  Tappert  [3]-  and- incorporating.many  ofthe 
techniques  described  by  Dockery  (4)  is.used. 
Two  of  the  significant  features  of  the  PE 
model  in  RPO  are  the. use  of  real-valued  sine 
Fast  Fourier  Transforms  (FFTs)  and  variable 
FFT  sizes  up  to  a  maximum  of  only  1024 
points.  RPO  is  a  true  hybrid  me.-  L  that 
uses. the  complementaryistrengths  of  both(the 
R0  and  PE  methods: vjp.v construct  a  fact'  yep 
accurateicbmposXtajSodelh;;  '.lh''testsj;cbi’, par¬ 
ing  RPO  to  pure* PE  methods  for  high  altitude 
3  GHz  applications,  RPO  has  proven  to  be 
from.  25  to  100 /times  faster  than  the ’pure  PE 
models  with  no  loss  of , accuracy.  RPO; can 
also  .-accommodate;  wide  -antenr patterns, 
,:4hcludihp:ibmni':di'rectibhal?antei»na;patterns; 
iwith'-hoV/impact:  bit  '  the  speed  of  ‘  computation; 
Although 'it  is  not  heeded  for  the  purpose  of 
this  paper,  RPO  can  mbdel  range-dependent 
refractivity  conditions.  , 

iS,.' JRE80LM/  '  ■’  '  >  „  '  ’  -  ;  '•*'  ;../V 

The  RPO  model  was  applied  to  each  profile  in 
the- 5  sets -described  above  for  the  547  MHz 


case  of  the.  experiment.  Figures  3and  4 
illustrate  the  propagation  ion'  contours 
ccegauted .  by  1  Stpo  on  "  a  height  versus'  range 
display  "for  twosasple  profiles,  andrigure 
5  shows  the  propagation  loss  plottedversus 
height  at  the  receiver  location  for  these 
two  cases.  '  So  information  could  be  found  oo 
the  polarisation'  or  type  of  anteroas  used  in 
the  I944_experiment,  sd  horiiontal  polariia- 
tion  'and  an'  dnni-directional  antenna  were 
ass-ined-'.  The  prbpagatioo  ’lcis  (.eguiyalrat 
to  path  loss  for  anomnirdirectional  anteh-- 
ha)  is  defined  as  the  decibel  ratio.'of 


transau ttmdto  received  pqwer.not  including 
any  effects-  of  aotema  gain.  Thus,  the 
effects.'of.the  actual  antenna  onfall  the  SPO 
results  would  ocly  be  noticed  at  the -higher 
elevation -  angles;  and  not  for  the  receiver 
at  a .  height;  of  30  m  and  a  range  of' 140  Jen. 
The  profiles  used  for  figures:  3.  through: .5 
assumed  the  median  values  of,  M  30  and 
iz  *  130.  Figure  3  shows  the  results  for  a 
base  height  of  200  a  and  Figure  4  shows  the 
results  for  a.  base  height  of  600  n.  Figure 
5  shows  results  for  both  the  200  n  and  600  a 
base  heights 'along  with  a  dashed  free -space 
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path  less  reference  line  at  130.*  dB.  »t 
the  receiver  height;  of30-m,  Figure  ;5  -indi¬ 
cates.*  loss  value:of  -120-dB;  or'll  dB  above 
free  space,  for  the  200  ■  base  height,  and  a 
loss  value  of  156  dB,  or  25  dBbelow  -free 
space,  for  the'.  600  a-  base  height.  Vote 
these  calculations,  are  -  roughly  in  line  with 
the  Measured  results .presented  in  Figure - 1. 


heights,  up  to  800  m:  The  limit  ion  the 
observed,  propagation  factor,  of -4  C  dBat  547 
Mb’  limited 'the  method  in  this  case  to  base 
he:  -’htsbelow  aoo  meters.  Siricethe  100  MHz 
•*-;*  a  shown  in  Figure- 1" were-  recorded  to  r60 
dB,  it  was  hoped  ~  that:  applying  'the"  same 
method' to;  these  data  would  allow  higher  base 
beights  to  be  inferred.  The'  method  was 
applied ' to  the ’ 100 'KHz  data - and" higher  base 
heights  were  inferred .  However,  the  corre— 
latioh  bf  'inf erred  and  observed  base  heights 
and  the  overall  scatter  of  results  was  inch 
worse  “at  100  MHz  than  at  547  MHz.  The 
sensitivity  of  received-  signal  to  the  re¬ 
tractility  structure,  seems  to  increase 
substantially,  with. higher -frequencies,  as  is 
apparent'-  f romVFigure-:  I;,  A /better  method  of 
inferring-higher  base  heights'  would  appear 
to^be-a ;nore *  sensitive  radio-receiver  at  the 
higher;  fregu«anpcies;that:  would  allow  a  great- 
er  dyrnmic  range  of  received  signals  to  be 
recorded;.  Md  atteapt  was  made  to  model  the 
;52:KHr  case--alsd  shown. ;iri.:  Figure  1. 
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Figure  5.  RPO  propagation  loss  versus  height, 
at  148  km  for  the  cases  shown  in - Figures.  3 
and  4.  The  dashed  line  is  -a  free-space 
reference. 

The  RPO  results  for  all  of  the  5  profile 
sets  are  summarized  in  Figure  6,  which  plots 
propagation  factor  in  dB  versus  the  base  of 
the  trapping  layer  in  meters.'  ’Propagation 
factor  is  the  received  signal  relative  to 
free  space.  Since  the  experimental  data 
were  limited  to  40  dB  below  free  space;. 
Figure  6  was  limited  to  -50  dB,  which  pre¬ 
cluded  any  results  for  base,  heights  in. 
excess  of  1000  meters . .  Results  for  each  set 
are  plotted  using  a.uniquej symbol  defined/in 
the  figure.  The  line,  in ’.Figure  ,6'\is'.;an 
approximate  fit  through:  all  the /data  g iving 
a  preference  tothe:  median  data 'set  indicat¬ 
ed  by  the  solid  circles.;.  .  Although  there" is; 
substantial  variation  between  the/various? 
data  sets  for  most  base  heights,,  jit.  is' 
apparent  that  base’  height  is/.the'  dominant 
factor  controlling  propagation;  *-  -" 

The  received  signal  and  .temper ature.  .inver,- 
sion  base  height  data '  from  Figure.  T  .were' 
digitized  using  a  graphics  tablet  soothe- 
data  could  be  processed  ori-.-a  personal-  com^- 
puter.  Figure  7  is  a  .  plot  o  f; the ;obs erved  * 
propagation  factor  at’.  547MHz::.arid;  thecorre^  ’ 
sponding  observed  base  heights  versus;  time. 
The  solid'- line  in  *  the  upper*;  portion- ;of 
Figure  7- i’s' the  base  height  inferred,  from 
the  radio- data  using  the  straight-liheifit 
indicated  in  Figure  6.  Only  the-  highest, 
propagation  factor  at  each  tine  point  was 
used  to  infer  the  base  height,  even  though 
both  the  highest  and  lowest  observed  propa¬ 
gation  factors  are  shown  in  Figure  7. 

«.  DISCUSSION 

The  inferred  base  height  compares- quite  well  - 
to  the  observed  base  heights  in  Figure  7  for 
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Figure  ’«.  •  Propagation,  >f actor  at  547  MHz 
versus 'base  bf  trapping'layef  -for  the  5  tri- 
1  inear  profile  sets -studied .  .’Solid  line  is 
■a  f it -.tb^all^data; 

..The;  good;  resuits;  shown-  in 'Figure  7  indicate 
.that ; e ither  thc  retfactiyeV  conditions-  over 
•the/i^tb/vere.reasonablyhbriqgeneous,  or  the 
method/described-  Is',  not  yery  sensitive  to 
-r  anga/dependent*.  e  f  facts  it  .-is  believed  the 
cbhditions'werejhomogebeous  most  of  the  time 
because.'of  tdie:  similar  base  .heights  measured 
in  'San^Di'egoCahdi  along-and  hear  the  path  by 
the  , wired-’' sonde  and  the  airplane .  Also, 
•referehce-ilj  cbntaihs  a.fewi.cases  of  verti¬ 
cal':  re f fact ivity; pr  of  ilesnea  sur  ed  along  the 
propagat ion;  path’,  and  these  'prof  lies  indi¬ 
cate  '-hbnbgen'e'ous /condit ions.’/;;  The .  extent  to 
whichXthis-  method  cbuldy  besappli'ed  to  non- 
homogeneous  conditions  or -.expanded  to  give 
bore;  ’informatibn  iUidut  ]the /trapping  layer 
strength  orythicknessishqtknown,  but  it 
is  certainiy’-  a  .technique  .that  deserves  some 
further  investigation.  Toward-this  "nd,  an 
experiment  is  beinij  planned  that  il  use 
transmitters  at  Point  Loma  arid  San. Micolas 
Island- arid;receivers:'at''the-Pacific-'His.sile 
Test  Center  in  P.oirit’.  Mugu  to;  simultaneously 
sense  conditions1  on*  ’two  -nearly -  orthogonal 
paths',of:’230- arid  100  hm -length;' 
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Figure  7.  Observed  and  inferred  base  of  temperature  inversion  and  observed 
propagation  factor  at  547  MHz  versus  time. 


7.  CONCLUSION 

A  method  has  been  described  to  infer  trap¬ 
ping  layer  base  height  directly  from  UHF 
radio  measurements.  This  method  has  been 
demonstrated  to  work  well  for  one  40-day 
period  in  southern  California.  Although 
several ■ aspects  of  the  technique  should  be 
investigated  further,  the  method  shows 
promise  as  a  means  to  remotely  sense  refrac- 
tlvity  structure. 
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DISCUSSION 


H.  ALBRECHT 

Do  you  plan  any  future  activity  to  prove  the  validity  of  your  results  for  other  environmental  conditions  displaying  a  more 
disturbed  troposphere,  such  as  the  North  Sea?  7  * 

AUTHOR’S  REPLY 

We  have  no  specific  plans  at  this  time  to  investigate  areas  other  than  southern  California  using  this  technique. 


K.  CRAIG 

Continuing  the  previous  question,  On  you  quantify  the  goodness  of  fit  of  the  tri-linear  model  to  your  data,  both  in  the  vertical 
and  also  in  the  assumption  of  horizontal  homogeneity?  In  this  case  study,  the  fit  certainly  appears  to  be  excellent. 

AUTHOR’S  REPLY 

I  cannot  quantify  the  ’ 'goodness  of  fit’,  however  the  majority  of  the  261  profiles  studied  were  visually  a  very  good fit  to  the 
of  theTme  ""  *°"  ,he  assumP,ion  »f  horizontal  homogeneity  is  a  good  one  about  85% 
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SENSING  PROPAGATION  EVENTS  AND  FADE  STATISTICS  AT  C-jBAND  FOR  TWO 
OVER-WATER,  LINE-OF-SIGHT  PROPAGATAION  PATHS  OVER  A  ONE  YEAR  PERIOD 

Julilis  Goldhirsh 
G.’ Daniel  Dockery 
Bert  H.  Miisiani 
The  Johns  Hopkins  University 
Applied  Physics  Laboratory 
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1.  SUMMARY 

We  examine  signal  fading  statistics  over  a  year  period  corre¬ 
sponding  to  two  over-water,  line-of-sight,  propagation  links 
in  the  mid-Atlantic  coast  of  the  United  States.  These  links 
are  comprised  of  a  transnutter  on  a  tower  at  Parramore  Is¬ 
land,  Virginia  operating  at  4.7  GHz  Sending  simultaneous  cw 
signals  to  two  receiver  systems  located  on  a  lighthouse  and 
a  lookout  tower  on  Assateaguc  Beach,  Virginia  at  distances 
of  44  km  and  39  km,  respectively.  The  receiving  sites  arc 
separated  by  approximately  5  km.  Cumulative  fade  distri¬ 
butions  corresponding  to  yearly,  monthly,  and  diurnal  time 
scales  were  derived.  The  yearly  distributions  showed  fades 
in  excess  of  49  and  54  dB  during  approximately  7.7  hours 
of  the  year  for  the  lighthouse  and  lookout  tower  links,  re¬ 
spectively.  Fade  duration  statistics  corresponding  to  sus¬ 
tained  attenuation  events  were  also  derived.  These  events, 
which  were  arbitrarily  defined  as  having  fades  relative  to  free 
space  powers  in  excess  of  20  dB  for  durations  of  two  hours 
or  more,  are  believed  to  be' generally  due  to  subrefraction. 
Analysis  of  synoptic  weather  conditions  and  nearby  rawind- 
sonde  data  during  two  sustained  deep  fading  periods  showed 
atmospheric  conditions  consistent  with  extreme  s'ubrcfrac- 
tion,  where  the  refra'ctivity-hcight  profile  had  a  positive  lapse 
rate.  The  efficacy  of  employing  the  links  as  indicators  of  real 
time  conditions  of  atmospheric  propagation  (e.g.,  ducting, 
superrefraction,  or  quiescent)  was  also  demonstrated' by  a 
telephone  call-up  procedure  which  enabled  displays  of  time- 
series  of  the  fading  at  remote  locations  to  be  generated. 

2.  INTRODUCTION 

Propagation  measurements  and  modeling  for  the  same  over- 
the-water  links  examined  here  were  characterized  by  Gold¬ 
hirsh  and  Dockery  (Ref  1).  The  previous  results  were  derived 
from  measurements  obtained  during  a  focused  five  day  exper- 
imental  period  in-August«1989.  The  results  described  here 
cover- the -year ■  period'June’ 1,  1989  thrbiigh  May  31,  1990, 
over  which  both  links  operated  alrnost  continuously. 

The  long  term  objectives  of  this  experiment  are:  [1]  to  estab¬ 
lish  a  multi-yeaj.database  oLfade  statistics, from  wjiich.afe 
derived  cumulative  fade  distributions  pertaining  to  yearly, 
monthly,  and, diurnal  .time  scales;  [2]  4q determine  fade  du¬ 
ration  statistics,  (3)  to  establish  space  diversity  criteria  per¬ 
taining  to  the  nearby  sites,  and  [4]  to  better  understand  the 
physics  of  propagation  by  injecting  direct  rcfractivity  profile 
measurements  into  propagation  models  and  comparing  the 
calculated  and  measured  signal, levels,  In  this  paper,  we  de¬ 
scribe  results  pertaining  to  the  above  objectives  over  the  one 
year  period. 


Long  term  measurements,  of  the  type  described  here,  should 
provide  designers  of  over- water;  line-of-sight  communications 
systems  with  statistical  data  from  which  to  generate  realistic 
fade  margins.  Sirpultaneous  measurements  and  comparisons 
of  the  fading  as  measured  by  the  two  nearby  receiver  systems 
also  enable  the  sensing  of  the  “variability”  of  the  rcfractivity 
environment  and  the  efficacy  of  communications  using  “space 
diversity"  techniques. 

Direct  measurements  of  signal  fading  for  such  links  represent 
a  means  to  sense  the  "integrated  effects”  of  the  refractiv- 
ity  environment.  For  example,  the  systems-  described  here 
have  been  used  as  a  "real  time”  indicators  by  the  authors  to 
assess  whether  ducting  and/or  extreme, subrefracting  condi¬ 
tions,  exist.  Both  effects  may  produce  severe  degradation  of 
the  received  signals. 

3.0  EXPERIMENTAL  DETAILS 

3.1  Experimental  Geometry  and  Electrical.  Parame¬ 
ters 

The  experimental  geometry  is  described  by  the  map  in  Fig¬ 
ure  1,  the  .vertical  profile,  in  Figure  2,  and,  the  parameter 
listing  in  Table  1.  The  propagation  related  parameters  are 
summarized  in  Table  2.  A  single  transmitter  located  atop 
a  tower  at  Parramore.Islandi(RI)  radiates  cw  signals  at  4.7 
GHz  simultaneously  to.two  receiving  sites  on  Assateaguc  I; 
land;  one  on  a  lighthouse  (44.1  km),-  and  ihe  other  on  a  look¬ 
out-tower  (39.0.  km).  The  corresponding  propagation  paths 
are  hereafter  referred-to  as  the,  “Lighthouse”  (Lll)  and  the 
“Lookout  .Tower”  (LT)  links,  respectively  The  receiver  sites 
are  separated  from  one  another  by  5.5  km.  The  heights  of 
PI,  LH,  and.LT  are  36.9  m,  45.5  m,  and  13.7  m;  respectively. 
The  heights  of  the  line-of-sight  rays  above  the  reflections 
points  for  the  LH  and  LT  links  are  respectively,- 12,5  m  and 
1.4  m  (Figure  2),- and  the- corresponding- “standard  atmo- 
sphefen  smooth'earth  diffraction-losses  for  these  links  are  2 
dB'aiid  i3(4'dB,-  respectively, 

3. 2  . Data  Acquisition  , 

The  received  transinissions .at. each. site. are  sampled  at:  a 
rate  of  2:Hz,  digitized  and  .recorded;  in;  PC  mcmory.  These 
data  are  subsequently  stpred.in  hourly.files  on  magnetic  disk. 
Also  stored  on. the  magnetic-disk  are  the  receiver  calibrations 
which.are  executed  twice  per  day,(12  hours  apart).  The  cali¬ 
brations  are  implemented  automaiically.by.injccting  a  stable 
signal  through  the  receiver- input  via  a  series  of  attenuators 
in  2  dB  increments  (70  dB  range),  and  recording  the  digital 
outputs.  The  calibrations  were  found  to  be  highly  repeatable 
to  within  0.5  dB  between  the  12  hour  time  increments.  At 
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four  minute  intervals,  the  transmitter  power  is  radiated  via 
code  to  both  receiver  -systems  and  are  independently  stored 
on  magnetic  disk.  In  this  way,  we  achieve  a  constant  in¬ 
dependent  monitoring  of  the  ‘health1’  of  the  transmitter  at 
both  sites.  These  power  levels  were  also  stored  in  hourly  files 
and  found  to  be  extremely  stable  (0.1  dB  rms).  Sites  LH  and 
LT  suffered  from  11.5%  and  13.3%  downtime  over  the  year, 
respectively.-  .These.weie  caused  by  equipment  failure,  down¬ 
loading  of  data,-  and  thne  lort-dunug  calibrations. 

■410  TIME-SERIES  DATA  AND  CUMULATIVE  DIS¬ 
TRIBUTIONS 

Examples  of  time-series  fade  events  for  the  LH  and  LT.links: 
are  plotted  in  figure  3.  The  vertical  scales  represents  the 
fades  relative  to  the  estimated  free  space  powers  (no  earth}, 
where  positive  and  negative  values  correspond  to  signal  re¬ 
duction  and  enhancement,  respectively.  The  abscissa  is  the 
local  time  of  day.  Since  each  pixel  in  these  figures  repre¬ 
sents  approximately  2.25  minutes,  the  fade  values  are  plotted 
within  a  a  vertical  band  comprising  this  time  interval.  Time 
series'  levels  of  the  types  shown  in  Figure'  3  were  obtained 
for  each  operational  day  of  the  year  and’the  fade  statistics 
described  here  were  derived  employing  developed  software 
which  sampled  each  of  the  fade  values  at  0.5  seconds  inter¬ 
vals. 

The  fading  event  depicted  in  Figure  3  has  been  previously 
characterized  by  refractivity  measurements  and  modeling  cal¬ 
culations,  and  has  been  shown  to  be  caused  by  dynamically 
changing  modal  interference  patterns  (Ref  1). 

5.  YEARLY  CUMULATIVE  FADE  DISTRIBUTIONS 
In  Figure'4  are  plotted  the  yearly  cumulative  fade  distribu¬ 
tions  for  both  the  LH  and  LT  links.  The  ordinate  represents 
the  percentage  of  operating  time  the  fades  exceeded  the  ab¬ 
scissa  values,  where  the  abscissa  represents  the  fade  relative 
to  the  free  space  power  (in  dB).  The  total  operating  times  are 
noted  in  the  figures  and,  represent  88.5%  and  86.7%  of  the 
total  year  for  the  LH  and  LT  links,  respectively.  It  is  interest¬ 
ing  to  note  that  the  “median"  fade  levels  arc  0.1  dB  and  3.8 
dB  for  the  LH  and  LT  links.  As  mentioned,  standard  propa¬ 
gation  conditions  (e.g.,  effective  radius  =  4/3  earth)  result  in 
diffraction  losses  of  2  and  13.4  dB  for  the  LH  and  LT  links, 
lienee,  the  median  conditions  show  signal  enhancements  of 

2  dB  and  9.6  dB  relative  to  the  “standard”  propagation  lev¬ 
els  for  these  links  suggesting  that  superrefractive  conditions 
more  frequently  dominated.  It  is  also  worthy  to  note  that 
the  distributions  tend  to  “bulge?  at  the' larger  fade  levels 
(e.g.,  greater  than  10'  dB).  This  is  due  to  sustained  deep 
fade  events  which  dominate  the  statistics  at  the  larger  at¬ 
tenuations.  These  types  of  events  are  described  in  Section  8. 

6.  MONTHLY  FADE  DISTRIBUTIONS 
6.1Lighthouse  Link  . 

In  Figure  5  are  plotted  the  monthly  cumulative  fade  distri¬ 
butions  for  the  Lighthouse  link.  The  ordinate  represents  the 
percentage  of  the  operational  time  during  the  month  in  which 
the  abscissa  value  of  the  fade  is  exceeded  The  monthly 
operational  times  are  listed  in  the- accompanying  degends. 
The  monthly  downlimes'ranged  from  approximately  3%  of 
the  month  (April)  to  30%  (June)  with  the  average  monthly 
downtime-being  approximately  11%.  We  note  seven  con¬ 
tiguous  months  stand  out  as  showing  excessive  fades  at  per¬ 
centages  of  l%  and  smaller,  These  months. correspond  to 
December 'through- June,'  with  February,  being  the  “worst 


month*  (highest  fades).  Five  contiguous  months  aie  also 
noted  as  showing  minima!  fades;  namely,  the  months  July- 
through  November;  with  September  bang  the  “best  month" 
(lowest  fades).  These  months  correlate  with  periods  over 
Much  the  ocean  water  is  colder  (December  through  June) 
and  Warmer  (July  through  November).  The  months  also 
correlate  well  with  the  incidence  of  the  sustained- deep  fade 
events  .described  in.  Section  8.  -  ' 

6.2  Lookout  Tower  Link 

Figure  6  shows  the  monthly  cumulative  fade  distributions 
for: the -Lookout  Tower  link.  The  monthly  downtimes  for 
this  site  ranged  from  4%  (May)  to  27%  (June);  with  the  av¬ 
erage  monthly  downtime  being  12.4%.  Since  the  line-of-sight 
path,  for  this  link  is  closer  to  the  earth’s  surface  than  it  is 
for  the  Lighthouse  case,  comparatively  greater  earth  diffrac¬ 
tion  losses  are  expected  for  the  LT  ease  during  subrcfractive 
conditions.  We  note  that  the  groupings  of  months  as  no'cd 
for  the  LH  case  which  exhibit  higher  and  lower  fades  arc  the 
same  for  the  LT  link. 

6.3 -Dependence  on  Season 

In  Table  3  arc  listed  the  monthly  and  yearly  fades  exceeded 
for  percentages  of  50%,  10%,  1%,  and  0:1%  We  note  that  the 
median  fades-for  the  LH-link  range  between  +1.4  dB  (June) 
and  —1.4  dB  (July);  and  for  LT  between  0.5  dB  (July)  and 
7.7  dB  (December).  The  1%  fades  range  between  12.1  dB 
(September)  and  47.2  dB  (February). for  the  LH  path,  and 

13.1  dB  (April)  and  52.6  dB  (January)  for  the  LT.link.  In 
Figures  7  and  8  are  shown  LH  and  LT  plots  of  the  fade 
levels  relative  to  free  space  powers  versus  months  of  the  year 
for  both  the  50%  (median)  and  1%'  levels.  The  maximum 
differences  between  the  highest  and.  lowest  monthly  fades 
over  the  year  at  the  1%. level  are  noted.  (Figure  8)  to  be 
approximately  35  dB  for  the  LII  and  40  dB  for  the  LT  links. 
A  clear  indication  is  also  noted  from  these  figures  of  the  cyclic 
monthly  dependence  as  described  above. 

7.  DIURNAL  VARIATIONS 

7.1  Yearly  Distributions 

The  fade  levels  were  culled  into  four  six  hour  time  s'ots 
namely,  00:00-06:00, 06:0d-I2;Qp,  12:00-18:00,  and  18:00-2-  :00. 
These  time  intervals  arc  denoted  as  periods  1, 2,  3,  and  4,  re¬ 
spectively.  Shown  plotted  in  Figures  9  and  10  arc, the  yearly 
cumulative  distributions  for  each  of  these  periods  for  the  LI1 
and  LT  links.  The  vertical  scale  represents  tire  percentage  of 
operating  time  during  these  individual  periods  over  the  year 
in  which  the  fades  exceeded  the  abscissa  value.  It  is  apparent 
from  these  figures  that  no  significant  diurnal  dependence  is 
noted. 

7.2  Monthly  Dependence 

The  plots  shown  in  Figures  11  (LII  case)  and .  12  (LT  case; 
were  constructed  by  culling  the  fade  levels  in  a  similar,  fash¬ 
ion  as  described, in  Section  6.1  but  over,  individual  monthly 
periods.  The  .vertical  scale  in  these  figures  represent  the  fade 
levels  relative  to  free  space  which  are  exceeded  1  %  of  the  time 
for  the  entire  month  corresponding  to  the  given  period  of  the 
day  as  indicated  by  the  abscissa.  Each  of  (he  curves  in  this 
finite  represents  a  differeni  'mohth:  We'  notdthat  although 
cc r.si derablc  variability  in1  fade  e> ists  for  the  different-peri¬ 
ods  of  the  individual  months, '  no  cc  nsistcht  diurnal  variation 
partem  is  evident. 
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^SUSTAINED  DEEP  FAPES 

brainy  of  the  emits  daring  the  serai  contiguous  months  (Dry 
ceiiber  through  June)  are  befitted  to  be  doe  tosewere. ' 
retractive"  evcntsih  Which  toe  received  signals  ecpenecded 
“sustained  deep  fad<5  ,’  {hereafter  referred  to  as  SDF).These 
are  (arbitrarily)  defined  here  as  eventsin  which  the  lades  rel¬ 
ative,  to  the  free  space  pn«csr-are  in  operas  of  of  20dB  ewer 
a  period  of  two  hours  or  more.  Many  of  lbese  eventi'  are 
beikeed  caused  by  Synoptic  weather  conditions  in  which  the 
refractivity  in  n-eases  with  altitude  up  to  such  heights  that 
the  transmitted  rays  bend  concave  upwards  away  from  the 
direction  of  the  receiving  antenna?,  resultragihraidramatje 
reduction  in  received, power.  - 

8.1  Meteorological  Conditions 
The  meteorological  conditions  that  produced  the  the  subre- 
Oactivc  conditions  which,  in  tum,  caused  the  SDF  events  in 
June  1939  and  March  1990  were  investigated  by  Meyer  (Refs 
2,  3).  These  events -are  depicted-in  the  time-series  fades  in 
Figure  13  for  June  20-21  1989  and  Figure  14  for  March  !  5- 17 
1990.  The  June  case'dcpicls  SDF  events  with  durations  of 
approximately  S  hours  oh  June  21  for  the  LH  link.  For  the 
LT  link,  4.5  h  and  13  h  events  are  noted  on  June  20  and  June 
21,  respectively.  During  the  period  March  15-17,  1990  (Fig¬ 
ure  14),  SDF  events  occurred  for  approximately  48  and  63 
hours  for  the  LH  and  LT  links.  Meyer  found  from  weather  re¬ 
ports,  that  during  the  June  and  March  periods  there  was  an 
advection  of  moist  warm  air  over  the  cooler  water  and  land. 
This  created  an  increase  of  the  temperature  lapse  rale  and 
at  the  same  time  an  increase  of  the  saturation  water  vapor 
pressure  with  altitude.  Such  conditions  caused  an  increase 
of  the  vapor  pressure  with  altitude  which,  in  turn,  resulted 
in  a  increase  of  the  refractivity.  During  both  days,-  fog. and 
haze  were  prominent  features  of  these  meteorological  effects. 

Examining  morning  rawinsonde  data  on  07:00  EST  on  June 
21  1989  and  March  16  1990  at  Wallops  Island  (coastal  region 
located  approximately  13  km  from  links  center),  a  refractiv¬ 
ity  slope  of  +23  N  units/km  was  noted  up  to  an  altitude  of 
approximately  130  m  for  the  June  case,  and  +43  N  units/km 
up  to  an  altitude  of  185  m  for  the  March  case.  These  positive 
refractivity  lapse  rates  arc.  indicative  of  extreme  subrclrac- 
tivc  conditions  which  should  be  even  more  pronounced  over 
the  colder  water. 

For  completeness,  we  show  in  Figures  15  and  16  two  other 
significant  time  scries  of  SDF  events  during  periods  in  Dcccmber- 
January  (1989-90)  and  February  (1990),  respectively.  The 
Dcccmbcr-January  events  (Figure  15)  sjmwed, maximum  du¬ 
rations  of  19  and  20.5  hours  for  IhoLIl  and.LT  links,  respec¬ 
tively,  The  February  events  showed  maximum  durations  of 
31  and  35.5  hours  for  the  LH  and  LT  links, 

8,2.  Fade  Duration  Statistics 

Density  distributions  of  fade-durations  for  SDF  events  were 
determined  for  both  . the  LH  and  LT  links  over  the  year  period 
antj  are  plotted  in  Figure  17.  The  vertical  scale  represent 
the  number  of  evcntLwithin  jwo  hour  fade  duration  bins 
between  2-4  h,  4-6'h,  0.-8.  h,  etc.  There  were  a  total  of  29 
and, 61  distil  ct.e'  ents  for  the  LH  and  LT  links,  respectively. 

In  Figure  18  are  plotted  the  longest  duration  events  versus 
the  month  of  the  year, for,  each  of  the  months  in  which  the 
SDF  events  occurred.  We  note  that  the  durations  for  the  LT 
path  always  exceeded  those  for  the  LH  link  with  the,  longest 
duration  fades  being  47.5  and  63.25  hours  (March  1990). 


An  interesting  point -is,  that  for  erery  SPF  event  which  ex¬ 
isted  for . the -LH- fink,  ooe  srauluDeoufly  occurred  Jor-the 
LT^link  which. was  longer  in  duration.  -In  other -words, -the 
SDF- events  for  the  LT  link  always  flanked  those  lor  the  LH 
case.  Of  course,  there  were  many  SDF  events  which  occured 
for  the  LT  linkandnot  the  LH  path.  The  above,  results 
are  likely  doe  to  enhanced  diffraction  which  affects: tbrXT 
fink  more  significantly  than  the  LH  path  during  severe  sub- 
refraction  events.  In  fail,  SDF  could  alternately  have  been 
defined  rHativeto  the  “standard  atmosphere  powers’  which 
include  diffraction  lades  of  2  dB  and;  13  dB  for  the  LH  and 
LT,  respectively,  instead  of  relative  to  their  “free  space  pow¬ 
ers/  This  would  hare  partially,  compensated  ;Jor  the  larger 
and  more  sustained  fading  (relative  to  free  space,  power)  ex¬ 
perienced  by  the  LT  link  y»  a  vis  the  Llf  patb  during  severe 
subrefractiye  events. 

d 

9.  CALCULATIONS  EMPLOYING  MODELS  AND 
REFRACTTVITIES 

9.1  Propagation  Model 

Propagation  calculations  using  hypothetical  and  measured 
refractivity  profiles  v-ith  large  negative  lapse  rates  of  the 
refractivity  (ducting -condition)  did  not  predict -the  severe 
fading  calculated  employing  positive  lapse  rates  (highly  sub- 
refractive).  The  model  used  is  based  on  an  approximation  to 
the  scalar  Helmholtz  wave  equation  which  was  solved  using  a 
numerical  technique  called  the  Fourier  split-step  algorithm. 
A  theoretical  descripton  is  given  by.  Dockery  (Ref  4),  and 
Kuttler  and.  Dockery  (Ref  5),  and  the. performance  of  the 
method  is  -described  by  Dockery  and  Konstanzer  (Ref  6). 
The  inputs  to  the  model  arc  the  two-dimensional  refractiv¬ 
ity  structurc.and.thc  electrical  .parameters  of  the  radiating 
system,  and  its  output  is  the  power,  density  field  relative  to 
free  space  power  levels  in  the  great  circle  plane  containing 
the  propagation  paths. 

9.2  Model  Calculations  for  Extreme  Subrefraction 
Measurements  of- the  refractivity  environment  along  the  Llf 
and  LT  jinks  were  executed  during  one  week  in  August  1989 
within  the  experimental  period.  The  refractivity  levels  were 
calculated  from  measurements  of  pressure,  temperature,  and 
humiditvemploying  probes  on  a  helicopter,  where  the  spe¬ 
cific  procedures  are  described;  by -Rowland  and' Babin  (Ref 
7),  and -the  mbdeling-results  arc  given  by  Goldhirsh-and 
Dockery  (Ref  1).  No  strong, subrefractive  conditions  or  SDF 
events  were  observed  during  this  period.  -Refractivity  mea- 
sujements  in  the  vicinity  of  the  PI-LH  link.wcre,  however, 
made'over  water  on  November- 16,  1988  (before  the  exper¬ 
imental  period),  when  a.  strong  subrefractive  condition  was 
present". 'The  profile  is  given  in  Figure  19,  and  shows  an  in¬ 
crease  of  the  refractivity  with  altitude  up  lo  about, 75  m  .with 
an  approximate  height  gradient  of +180  N  units  per  km.  As  a 
simulation  example,  this  profile  wasassumod  uniform  along 
the  illl  propagation  ipaih- and  was  injected  into  the  above 
described  propagation model,  The  resultant  calculated  fade 
profile  at :  the' LH 'dis  tance  is  shewn  in- Figure.  20.-  We  note 
that  fades  betwepndO-f-O  dB  result  in  the  height-interval  be- 
low''120'm,,where-fad<M  approaching  60-dB,,may  occur, at 
the  LH  height  (45.5  m);  consistent  with  levels  frequently  ob- 
served-Ruring  SDFeyents:(FiguresT3  -16);  -The  calculated 
fade  levels  in  Figure  20  were  noted  to  be.  significantly  larger 
than  the  modeled  fades  .caused  by  ducting  events.as' given 
by  Goldhirsh  and  Dockery  (Ref  1).  .  As  another  basis  of  com¬ 
parison  p1 we  also  sfiowjn' Figure  20  the  relative  fading  for.  the 


care  of  a  standard  atmosphere  (dashed  curve), 'wtdJi  cor- 
respondsto  a  refractorily  gradientof  approximately  —39  :N 
units  per  kin  (Ref  9).-  We  note  an  approximate  2  dB  fade 
exists  (earth  diffraction)  at  the  height  of  LH  for  this  case. 

10.  REAL  TIME  LFiK  CAPABILITIES 
Capabilities  ;  hare'berii  devefoped'+oc  both  receiving  sites 
whereby  they  can  be  “called  up"  via  the  telephone  system 
and  calibrated  recover  data  rhay.be  passed  in  “real  time" to 
a  PC.  at  the  remote  calling  location.  Thetraiisfened  data 
are  delayed  oh  a  monitor  and  the' power,  levels  (relative  to 
free  space  power)  are  simultaneously  printed  out  with  any 
time  scale  desired.  Typical-displays  span  015  hours  with  a 
two  second  running  average  of  the  data  plhtted  at  ih5  second 
intervals.  This  capability  is  used  routinely  arid  has  enabled 
a  convenient  check  on  the  “health"  of  the  system  at  any 
time  of  the  day.  It  also  provides  a  means  to  “sense"  in  real 
time  the  condition  of  propagation;  namely;  quiescent, ’super- 
refracting,  subrefracting,  or  ducting.  It- also  provides  a  real 
time  measure  of  the  inhomogeneity  of  atmospheric  condi¬ 
tions  since  both  sites  may  be  simultaneously  accessed  (v:a 
different  telephone  lines). 

11.  SUMMARY  AND  CONCLUSIONS 

This  experiment  offers  a  unique  data  base  of  fade  statistics 
for  an  over-water,  line-of-sight  geometry  at  4.7  GHz  which  is 
particularly  suitable  for  the  Mid-Atlantic  coastal  regions  of 
the  United  States  If  is  not  known  whether  these  statistics 
may  b*  app..ed  to  other' over-water  regions.  Analysis  of  the 
synoptic  meteorology,  calculations  using  measured  refractiv- 
ity  profiles  in  a  propagation  model,  and  examination  of  case 
histories  of  time  series  of  fades  suggest  that  under  similar 
atmospheric  conditions  and  terminal  geometries,  the  same 
propagation  effects  may  exist  over  deep  water,  although  the 
frequency  of  occurrence  is  unknown.  The  results  covering 
one  year  of  this  investigation  may  be  summarized  as  follows: 
Yearly  Fade  Distributions 

(1)  The  yearly  median  fade  levels  (relative  to  free  space 
power)  were  0.1  :dB  and  3.8  dB  for  the  LH  and  LT  links, 
respectively  (Figure  4  and  Table  3).  When  compared  with 
“standard”  diffractions  of  2-dB  and  13  dB,  this  result  is 
indicative  that  “superrefractive  conditions”  predominated. 
The  approximate  9  dB  enhancement  over  standard  condi¬ 
tions  for  the  LT  case  was  probably  caused  by  persistent 
■evaporation  duct  conditions  as  characterized  during  the  “fo¬ 
cused”  experimental  period  inAuguit  1989  (Ref  1). 

(2)  At  0.1%  of  the  yearly-operating  time  (w7.6  hours),  the 
fades  exceeded:49  dB’an'd  54  dB  for  the  LH  and'LT  links, 
respectively.  The  yearly  LT' fades  consistently  exceeded/LH 
over  percentage  ranges  down  to  0.1%  ofthe  year.  The, max¬ 
imum  difference  was  10, dB  at  approximately  2%  of  the  time 
(Figured);  This  result  is  consistent  with  the  expected  en¬ 
hanced  diffraction, by;  the  LTlink  relative  to  LH  based  on 
their  relative  geometries. 

(3)  Both  the  LH  and  LT  distributions  were  skewed  towards 
the  larger  fades  at' percentages  smaller  than  1%.  This  was 
due  to'sustained  deep  fading  events  (SDF)  which. are  fades 
in  excess  of  20  dB  which  last  two  hours  or  more,  and  are  gen¬ 
erally  believedUobedue'.to  severe  subrefractive  conditions. 
Monthly  :Fade  Distributions 

(1)  The  mohthlyniedian  fades  varied  between  +1.4  dB  (June) 
and>-l',4fdB  (July)  for  LH;  and  between  0.5  dB,  (July)  and 
7.7  dB  (December)  for  LTfTaUe  3). 

(2)  Corisiderable  morithly  variability-, in  .the  fadefdistribu- 
•  tions  ekisled.’at  the  smaller  percentages  for  both  the, LH  and 
LT  links  (Figure  5  and  6  and  Table  3).  For  example,  the 


0.1%  fades  ranged  betwe*n':1818  dB  (September)  and  54.2 
dB  (February)  for  LH  and  168  dB  (September)  and  57.6dB 
(Febfuaiy)  for  LTr:(3)  Both  receiver  locations  sbowed  five 
contiguous  months  (July.-  November)  with  minimal  fades 
and  the  remaining  seven  month  period  with  tbe  largest  tides 
(Figures  5  and  6' and  Table  3).  The  weaker  tides  occurred 
during"  the  summer. and  till. and  tbe  larger  ones.during  the 
winter  and  spring. 

(4)'The  distributions  for.the  winter.and  spring  months  ap¬ 
pear  skewed  in  the  direction  of.  tbe  higher,  fades  due  to  sig- 
nificant'SDF' events  (Figures  5  and  6).. 

Diurnal  Variations 

An  examination  of  tbe  tide  distributions  during  four  contigu¬ 
ous  six  hour  time  slots  (0-6,  6-12, 12-18,  and  18-24)  showed 
no  diurnal  variations  in  fades  for  either. the  yearly  . (Figures 
9  and  10)  or  monthly  (Figures  11  and  12)  time  rifles. 
Sustained  Deep  Fades 

(1)  SDF  events  are  believed  to  be  generally  caused  by  severe 
subrefractive  conditions  along  the  paths.where  the  fefractiv- 
ity  exhibits  a  positive  lapse  rate. 

(2)  Analysis  of  synoptic  meteorological  conditions  and  raw- 
insonde  data  during  two  distinct  periods  in  which  SDF  events 
existed  confirmed  the  condition  of  warm,  moist  air  over  colder 
ground  and  water  giving  rise  to  positive  lapse  rates  of  refrac- 
tivity  with  altitude  up  to  130  m  and  185  m  from  the  surface. 

(3)  In  a  simulation  example,  a  measured  refractivity  profile 
which  exhibited  a  strong  positive  lapse  rate  was  injected  into 
a  parabolic. propagation  model.  The  resultant  fade- height 
profile  at  the  LH  location  showed  fades  in  the  range  30  dB 
to  60  dB,  consistent. with  high  fading  SDF  events.  Although 
the  refractivity  profile  was  measured  outside  the  experimen¬ 
tal  period,  it  was  obtained  over  water  in  the  vicinity  of  the 
propagation  paths  indicating  that  refractivity  profiles  with 
large  lapse  rates  arepossible. 

(4)  Whenever  a  SDF  event  existed  at  the  LH  site,  one  also  ex¬ 
isted  at  the  LT  site.  The  SDF  events  at  LT  were  consistently 
longer  than  those  at  LH  (Figure  18).  This  result  is  consistent 
with  the  relative  geometry  of  LT-and  LH  such. that  signifi¬ 
cantly  more  diffraction  is  expected  at  LT  (the  lower  height 
site)  than  at-LH. 

(5)  There  were  29  and  61  distinct  events  for  the  LH  and 
LT  links,  respectively.  The  larger  number  of  events  at  LT 
is  consistent  with  the  relative  geometry  and  the  enhanced 
diffraction  losses  during  subrefraction  propagation  for  LT. 

(6)  March  exhibited „the  longest  duration  SDF  event  which 
lasted  for  47.5'  and  63.25  hours  for  the  LH  and  LT  links, 
respectively  (Figures;14  and  18). 
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Table  1:  Geometric  Parameters  for  the  Lighthouse  and  Lookout  Tower  links  (respectively). 


Parameter 

Value 

Latitudes  of  PI,  LH,  LT 

Longitudes  of  PI,  LH,  LT 

Azimuth  (CW  Rel.  to  N:  PI-LT),  (deg) 
Azimuth  (CW  Rel.  to  N:  PI-LH),  (deg) 
Antenna  Heights  (PI,  LH,  LT),  (m) 

Link  Distances  (km) 

Distance  Between  LH  and  LT  (km) 
Rcfl-vtion  Point  Distances  from  PI  (km) 
Heights  of  Direct  Ray  Above  Refi.  Pt.,  (m) 

37°34'23”,  37°54'42”,  37°51'-18" 
75“37'04”,  75°21'24”,  75“22'0G” 
•34.1 

31.3 

36.9, 45.5,  13.8 

44.1,  39.0 

5.5 

20.6,  24.5 

12.5,  1.4 

Table  2:  Propagation  Parameters  for  PI-LII  and  PI-LT  Links  (respectively)  Assuming  a  4/3 
Earth  Radius 


Parameter 

Value 

Antenna  Transmit  Power  at  PI  (dBm) 

37.8 

Gainof  TYanmit  Antenna  (dB) 

25.0 

Gains  of  Receiver  Antennas  (dB) 

25.6 

Nominal  Gaseous  Attenuations  (dB) 

0.26, 0.23 

Trans.  Ant.  Gain  Reduction  in  Dir.  of  PI-LT  (dB) 

2.5 

Estimated  FVce  Space  Powers  (dBm) 

-50.7,  -52.0 

Diffraction  Losses  for  Standard  Propagation  (dB) 

2.0,  13.4 

Standard  Powers  Received  (dBm) 

-52,7,  -65.4 

Multipath. Grazing  Angles  (deg) 

.0325,  .0045 

Reflection  Coef.  Magnitudes 

1.0, 1.0 

Reflection  Coef.  Phases  (deg) 

180,480 

Multipath  Length  Differences  (deg) 

39.6,  0.6 
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,|  Table  3:  Fades,. Exceeded  forth*  Indicated  Percentages  Pertaining  to  the  LH  and  LT  Links 

ij  for  Different  Months  and  Entire  Year. 
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F  . 

.M 

A. 

_M 

50  (LH) 

1.4, 

-1.4 

-i.o' 

-0.9 

0.2 

-0.3 

1.2 

0.3 

1.3 

,  1.3 

0.6 

0.2 

0.1 

50  (LT) 

4.2 

0.5 

1.7 

2.5. 

2.9 

3.5 

>  7.7 

3.3 

5.7 

6.4  ' 

.  3.2 

4.1 

3.8 

10  (LH) 

20.2 

4.7 

3.3 

3.6 

7.3 

8.2 

5.4 

-18.4, 

26.9 

16.4 

7.1 

10.9 

9.3 

10  (LT) 

31.9 

9.0 

9.3 

9.9 

12.9 

19.6 

11.9 

34.7 

33.4 

32.4 

14.8- 

19.4 

16.3 

1.0  (LH) 

39.4 

14.6 

14.1 

12.1 

17.3 

16.0 

37.7 

42.6 

47.2 

44.0. 

23.1. 

30.0 

37.2 

1.0  (LT) 

46.4 

18.6 

13.1 

13.1 

21.1 

26.1 

42.6 

52.6 

49.4 

49.0 

38.8 

41.4 

44.8 
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49.4 

23.9 

22.7 

18.8 

25.4 

26.6 

50.7 

51.4 

54.2 

51.3 

39.8 

42.1 

49.4 

0.1  (LT) 

54.2 

34.3 
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16.8 

27.7 

32.4 

52.2 
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Figure  I:  Map  of  Mid-Atlantic  coast  region  of  the  United 
States  depicting  the  location  of  the  transmitter  site  at  Par- 
ramore  Island  (PI)  and  the  Lookout  Tower  (LT)  and  Light¬ 
house  (LI!)  receiver  sites  at  Assateague  Island,  The  distance 
between  grids  is  10  km  and  the  coordinate  locations  are  given 
in  Table  1. 


Figuro  2:  Vertical  plane  geometries  for  the  Lighthouse  and 
Lookout  Tower  links  depicting  terminal  heights,  line  of  sight 
rays/and  reflection- point  geometry  assuming  “standard  re¬ 
fraction.” 
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Figure  3:  Time-series  fade  data  for  the  Lighthouse  and  Look¬ 
out  Tower  links  during  August  22,  1989 


Fade  Relative  to  Free  Space  Power  (dB) 

Figure  4:  Cumulative  fade  distributions  for  the  Parramorc 
Island-Lighthous  and  Parramore  Island-Lookout  Tower  links 
over  the  year  period  June  1,  1989  through  May  31,  1990. 
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Figure  5:  Monthly  cumulative  fade  distributions  for  the  Par¬ 
ramore 'Island-Lighthouse, link'for  the.  year. period- June  1, 
1989  through  May  31,  1990,  The  monthly  operating  times 
are  noted  in  the  indicated  legend. 


Figure  6:  Monthly-cumulative  fade  distributions  for  the  Par¬ 
ramore  Island-Lighthouse  link -for  the  year  period  June  1, 
1989  through  May  31,  1990. 


Percentage  of  Time  Abscissa  Is  Exceeded 


Month  of  Year  (19S9  -  1990) 


Figure  8:  One  percentile  fade  levels  for  different  months  of 
the  year  for  the  I,H  and  LT  links. 


•Fade  Relative  to  Free  Space  Power  (dB) 


Figure  10:  Cumulative  fade  distributions  for  the  Lookout 
Tower  link  for  four  contiguous  six  hour  time  slots  correspond: 
ihg  to  the  period-June  1,  1989.  through'  May  31,d990. 
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Figure  1 1 :  One  percentile  fades  versus  perio  4  of  day  for  each  Figure  12:  One  percentile  fades  versus  period  of  day  for  each 

month  of  the  year  for  the  Lighthouse  link  month  of  theyear  for  the  Lookout  Tower  link 
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Figure  13:  Sustained  deep  fade  events  occuring  during  the  period  June  20  -  21,  1989  for  the 
Lighthouse  and  Lookout  Tower  Links 
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Figure  14:  Sustained  deep  fade  events  occuring  during  the  period  Marcli  15  -  17,  1990  for 
the  Lighthouse  and  Lookout  Tower  Links 


December,  31  January  1 

Figure  15:  Sustained  deep  fade  events  occuring  during  the  period  December  31,  1989 
January  1,  1990  for  the  Lighthouse  and  Lookout  Tower  Links 
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Figure  16:  Sustained  deep  fade  events  occuring  during  the  period  February  15  •  17,  1990  for 
the  Lighthouse  and  Lookout  Tower  Links 
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Figure  17:  Histogram  of  cumber  of  SDF  events  having  fade 
durations  in  given  bins.  Bins  are  defined  by  duration  inter¬ 
vals  2-4  h.  4-6  h.  S-6  h,  etc. 
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Figure  IS:  Maximum  fade  durations  for  the  Lighthouse  and 
Lookout  Tourer  Links  versus  month  o?  year. 
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Figure  19:  Rcfractivity  profile  measured  over  the  water  on 
November  16,  1988  (11:18*11:21  local  time)  in  the  vicinity 
of  the  propagation  links  resulting  in  extreme  subrcftactivc 
propagation  cc  rditions. 
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Figure  20:  Modeled  fade  relative  to  free  space  power  foi 
subrefracting  profile  of  Figure  19. 


Discussion 


J.  RICHTER 

Im  a  line-pf-sight  propagation  link  you  may  have  signal  enhancements  and fades for  either  sub-  or  super-refraction.  A  specific 
correitnion  to  either  of  these  conditions  based  cm  signal  level  changes  is  difficult. 

AUTHOR’S  REPLY 

Curing  Lx  week  of  August  12. 1989.  refraahity  profiles  were  measured  along  die  propagation  path,  h  was  observed  that 
refraahity  profiles  were  such  that  both  surface  and  devoted  duos  existed.  [See  paper  by  Goldhirsh  and  Dockery,  Radio 
Science.  May-June  1991.  pp  671-690].  The  fade  time  series  measurements  during  this  week  showed  both  signal fading  and 
enhancement.  We  did  not  see fades  which  exceeded  20  dB for periods  of two  hours  or  more.  These  sustained  deep  fades  were 
however  observed  on  June  21, 1989 and  March  16, 1990.  The  Lighthouse  link  showed  5  hour  duration  fading  of  greater  than 
20  dB  for  June  and  47  hours for  March  1991.  Both  of  these  long  term  fades  did  correlate  exactly  with  positive  refractive  index 
slopes  measured  at  the  NASA  Wallops  Flight  Facility,  Wallops  Island,  Virginia  which  is  a  coastal  location  hear  the  links. 
These  long  duration  fades  also  correlated  very  well  with  weather  reports  showing  a  temperature  inversion  and  the  advection 
of  moist  warm  air  at  altitude  over  cold  water.  Such  conditions  may  give  rise  to  an  increase  of  the  refractive  index  with  altitude 
consistent  with  the  rawinsonde  measurements. 


B.  REINISCH 

You  referred  twice,  first  on  your  second  slide  and  then  in  your  third  to  the  last  slide,  to  ' real-time  sensing  of  the  environment '. 
1  am  puzzled,  since  the  'sensing'  is  always  done  when  it  is  done,  i.e..  in  real  time. 

AUTHOR’S  REPLY 

1  should  have  said  'real  time  sensing  of  the  environment  at  remote  locations'.  Through  telephone  call-up  procedures  we 
transferred  the  fade-versus-time  series  measurements  to  remote  locations.  We  are  able  to  display  the  fade-versus-time  on  a 
PC  and  at  the  same  rime  obtain  a  simultaneous  hard  copy.  Hence,  if  we  wish  to  seme  the  propagation  environment  at  the  mid- 
Atlantic  coast  links  at  a  remote  location  such  as  in  Turkey,  we  may  do  so  through  telephone  call-up  procedures.  We  have  used 
such  procedures  for  a  number  of  propagation  field  tests  in  the  vicinity  of  Wallops  Island,  Virginia. 


R.  BENSON 

In  the  ionosphere  and  magnetosphere,  wave  ducting  refers  to  propagation  along  field-aligned  electron  density  irregularities. 
Ducted  propagation,  depending  on  wave  mode,  occurs  in  either  field-aligned  enhancements  or  depletions  in  electron  demity. 
Please  explain  what  you  mean  by  wave  ducting  in  the  tresenl  work. 

AUTHOR’S  REPLY 

A  simple  surface  duct  may  occur  when  the  refiactivity  close  to  the  earth  is  such  that  dN/dh  <  -157  N-Units  per  kilometer. 
Rays  launched  horizontally  will  bend  concave  downward,  reflect  from  the  earth,  bend  concave  downwards  after  reflection  and 
reach  the  height  of  launch  pointing  horizontally.  This  cycle  will  repeat  itself  in  the  direction  of  the  receiver.  Such  a  ray  is 
"trapped"  and  said  to  be  in  a  'surface  duct". 


D.  THOMSON 

It  is  likely  that  the  air-water  temperature  difference  along  with  depth  of  the  refractive  index  inversion  are  the  critical  factors 
in  determining  the fading  depth  and  variability.  Do  you  attempt  to  reconstruct  this  information,  e.g. ,  using  data  which  might 
be  available  from  Wallops  Island  or  did  you  attempt  to  conditionally  sample  your  database  on  the  basis  of  the  air-sea 
temperature  difference'1 

AUTHOR’S  REPLY 

Air-sea  temperature  differences  were  not  routinely  measured  except  during  the  week  of  August  21, 1989.  These  measurements 
were  used  to  calculate  evaporation  duct  properties  which  were  combined  with  helicopter  measurements  of  the  refractivity 
structure  to  give  modeled  fade  structures.  The  events, we  are  talking  about  occurred  when  the  water  was  cold  and  moist  warm 
air  adveaed  over  it.  This  causes  a  temperature  inversion  and  at  the  same  lime  moisture  at  altitude.  On  June  21, 1989  and 
March  16,  1990,  temperature  inversions  were  in  fact  observed  along  with  measured  positive  increases  of  refractivity  with 
altitude  (+  23  N-Unitslkm  for  June  21  up  lo  130m  and  +  43  N-Unitsfhn  for  March  16  up  to  185m).  Although  these  slopes 
were  measured  at  nearby  coastal  locations  at  Wallops  Island  Virginia  they  are  expected  to  be  even  larger  over  the  colder 
water.  Such  refractive  slopes  give  rise  to  severe  subrefraction  and  strong  fading.  Both  of  these  weather  related  conditions 
lasted  a  few  days. 
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REMOTE  SENSING  OF  THE  EVAPORATION  DUCT 
USING  AN.X-BAND  RADAR 

Koweth  D.  Anderson  . 
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Naval  Ocean  Systems  Cento- 
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SUMMARY 

Results  from  a  unique  analytical  and-measurement  effort  to 
assess  low-altitude,  short-range  radar  detection  capabilities  in 
an  evaporation  ducting. environment  are  presented.. Although 
the  measurement  effort  is  ongoing,  current  results  for  unstable 
conditions  validate  propagation  model  predictions  of  reduced 
radar  detection  ranges  within.the  radio  horizon. .In, addition, 
discrepancies  between  measured  and  predicted  radar  data 
demand  a  close  examination  of:both  meteorological  data  and 
surface  layer. theory. -At  ranges  near  and  beyond  the  horizon, 
radar  detection  capabilities  crucially  depend  both  on  the 
surface  layer  refractivity  profile  and  on  the  refractivity  profile 
determined  from  upper-air  observations.  An  empirical  model 
to  merge  the  surface  layer  with  the  mixed  layer  is  discussed. 
Other  discrepancies,  which  are  thought  to  be  caused  either  by 
inadequate  surface  layer  modeling  (perhaps  the  moisture 
stability  function)  or  by  inadequate  surface  layer  meteorologi¬ 
cal  measurements,  suggest  the  need  for  an  improved  surface 
layer  model. 

Remote  sensing  of  the  evaporation  duct  by  radar  measurements 
is  not  a  viable  tactical  tool.  However,  the  combination  of  di¬ 
rect  surface  and  upper-air  meteorological  measurements  with 
remotely  sensed  radar  measurements  and  with  advanced 
numerical  modeling  capabilities  does  provide  valuable  insight 
for  a  better  understanding  of  the  atmospheric  surface  layer  and 
its  effects  on  low-altitude  short-range  radar  detection. 


1.  INTRODUCTION 

In  recent  years,  instances  have.been  noted. where  maximum 
radar  detection  ranges  of  low-altitude  targets  over  the  ocean  is 
less  than  expec(ed.  These  instances  of  reduced  detection  ranges 
are  associated  with  surface-based  atmospheric  ducting,  particu¬ 
larly,  with  evaporation  ductirig,.Effects  from  these,  ducts  are 
normally,  considered  to  be;a  long-range, phenomena,  but  an 
analysis  by,  Dockery,  of  Johns  Hopkins  University  .Applied 
Physics.  Laboratory.  (JHU/APL)  clearly  shows  red  uced  detec¬ 
tion  capabilities  for. common  duct  heights, (frequencies*  ;and. 
ranges.  In  addition  to,  the  well-known  signal  enhancement  at 
ranges  near  and  beyond  the  radio  horizon,  his  modeling 
indicates  that  the, evaporation  duct  affects  radar* detection, of 
small-sized,  low-altitude  targets,  withintherhorizonintwo 
ways:  First,  it  can  shift  the  location  ofthe  last  opticalinterfer- 
ehee, null  several  'kilometers  in  range,  which  can  cause 
nondetection  arranges  where  detection  is  expiected,  Second,  it 
can  substantially  decrease  signal  Ievels;near.  lhe  last  optical 
interference  peak,  which  may  explain,  the instances  of  greatly 
reduced  detection  ranges. 

An  ongoing  analytical  and  measurement  effort  to  assess  low- 
altitude,  short-range  propagation  .effects  at  X-band  has 
validated  Dockery’s  modeling.  The  propagation  model  used  in 
this  analysis  is  an. atmospheric  surface  layer  model  [42]  and 
a  radio.propagation. model  known  as  Radio-Physical  Optics 
(RPO)  [3].  Aftsthree,  features  predicted  by  the., model,  (en¬ 
hanced  signal  beyond  the  horizon,  range  shifted  null  locations, 
and  reduced, signal, at,  the  last;interference*peak);:have*been 
observed  in  a  carefully  controlled  radar'experiment.Althbugh 
the  essential  features  are  observed  in  the  radar  data,  discrepan¬ 
cies  between  the  predicted. arid  measured  data  warrant  a  closer 
examination  c,  the  meteorological  measurements  and  surface 


layer,  theory. -New  techniques  for  describing  the  evaporation 
ducting  environment  are  discussed.-  There  techniques  reduce 
the  discrepancies  between  the  predicted  and  measured  radar 
data,  and  they  provide  valuable  insight  into  the  problems 
associated  -with  measurement  of  surface  meteorological 
conditions. 


2.  MEASUREMENT  PROGRAM 

A  measurement  program  to  validate  the  predicted  propagation 
effects -was  started  in  June  of.  1989.  To  represent,  typical 
shipboard  radars,  an  X-band  radar,  operating  at  a  frequency  of 
9.415  GHz,  was  placed  on  a  site  at  the.Nayal  Ocean  Systems 
Cente-  (NOSC)  23.5.m  above  mean. sea  level  , (msl).  At  this 
site  (called  the  F35  site)  azimuths  from  -180  to  340  degrees 
provide  an  unobstructed  view  of  the  ocean.  Winds  ate  general¬ 
ly  from  the  northwest, .which  implies  that  the, local  conditions 
are  representative  of  the  sea  and  not  the  land.  Air  temperature, 
relative  humidity,  wind,  speed, -and  direction  sensors  are 
mounted  approximately  22  m  above  msl.-  Sea  surface  tempera¬ 
ture  is  monitored  with  :two  infrared,  temperature  transducers 
pointed-toward-the  surface;at. zenith  angles  of,  approximately 
60  and  75.degrees,-  The  infrared  spots  are  in  the  surf  zone  and 
are  not  considered:  representative. of-the. sea-temperature  at 
ranges  beyond  1-km  or.so--their  primary.purpose  is  to  check 
the  consistency  of  other  data.  .  A  small  , boat  has  been  specially 
adapted  to  cariy.two  lightweight  comerieflectors  of  30  dBsm 
cross-section,  one  facing  aft  and  one.facing  forward.  Both  are 
mounted  ,4.9.m  above  the  surface  of  the  ocean.  Horizontal  and 
vertical. beamwidths  of  the  corner-  reflectors  are  approximately 
40  degrees,  which  allowsi  considerable  motion  . of  the  boat 
without  affecting  the  cross-section  seen  by, the  radar;  Tempera¬ 
ture,  humidity,  wind  speed,  and  direction  sensors  are  mounted 
on  the  boat  2.5  m  above  the  surface.  Two  temperature  probes 
are  mounted  at  the, stem  of. the  boat  to  nionitor-  sea  tempera¬ 
ture.  All  meteorological  sensors  are  monitored  by  computers 
that  sample  the  data  every  10  seconds  and  calculate  an  average 
value  for  every  minute;  Upper-air  conditions  are  measured 
using:  Vaisala  radiosondes' munched  either  from  the  boat  or 
from  the  ashore  site,- (F35).  Data  from  ,  the  radiosondes  are 
recorded  on  computer, 

In  a  typical  measurement,  the  boat  is.positioned  2  to  3.  km 
seaward  from  the  radar,- where  the  crew  makes  a  measurement 
of  the  surface  meteorological  conditions  with  a'set  of  sensors 
independent  of  those, (monitored  by,  the, computer.  The  crew 
mayyalso'lauiich  a  radiosohde  'for  upper-air; analysis.  After 
these;,  measurements  are  (complete,,  tne  boat  proceeds  on-  a 
radiaI:from\thO:radar;in.a  seaward, direction r.tq i  a. range  of 
abbut:,25^km.  During  this  run,  communication-between  radar 
site  personnel  and  boat  crew  is  ipamtained  either,  on  a  VHFor 
on  a  UHF  link  to  provide  course, corrections.  So  far,  little  or- 
iio  course  correction  has  been  needed.  At  the  maximum  range, 
the. crew:  makes  another-: measurement  of  'the.  meteorological, 
conditions'!  I;qr.itsmbbund:jun,  the  boat  returns  on  a  radial  to 
the-  starting. 'point.  If:  interesting  results  op  measurement; 
pjrwlems’aiise. from  the  first  twp.  runs,  the  boatVmay  repeat 
both  the  6utbpund”and,theinbqund.run,  makingany  additional, 
surface  or  upper-air  measurements,  At  the  ,F35.,sUeon  shore, 
additional  surface  meteorologicarmeasuremerits  are:  made"  by. 
hand  "every  half  hour  or  so,  depending  on  conditions. 
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3.  MEASUREMENT  RESULTS 

The  first  trial  runs  were  made  on  3  October  1990  and,  after 
minor  adjustments  to  the  hardware  and  software,  the  first  data 
were  taken  on  11  October  1990.  A  total  of  37  runs  (a  run  is 
either  an  inbound  or  an  outbound  movement  of  the  boat)  have 
been  made  so  far  on  12  separate  daysi-Of  these  j25days,6r 
cases,  4  are  during  thermally  stable  atmospheric  conditions' in' 
which  surface  trapping  layers,  caused  by  air  mass  subsidence 
or  advection,  dominate  the  propagation.  To  limit  the  scope  of’ 
this  paper,  only  unstable  cases  are  considered.- For  the' eight 
unstable  cases,  Table  1  lists  the  median  wind  direction, .wind' 
speed,  air  temperature,  sea  temperature,  and  relative  humidity, 
measured  both  at  the  F35  site  and  at  the  boat.  In  addition,  tne 
table  lists  the  median  modified  refractivity  (M)  gradient  in  the 
lowest  layer,  which  is  determined  from  upper-air  observations. 
Also  listed  are  the  duct  height  and  the  gradient  form  of  the 
Monin  and  Obukhov  scaling  length  'i  *).  Both  quantities  are 
calculated  for-theF35  and  writhe  tx  it  meteorology. 'A- third 
duel'  height  is  listed  that  is  the  result  of  a  surface  layer  model, 
which  will  be  explained  later. 

For  the  first  four  cases  listed  in  Table-1,  agreement  between 
the  propagation  model  results  and  the  measured  data  is 
remarkably  good  when  the  surface  layer  refractivity  profile  is 
generated  from  the  F35  site  meteorological  measurements 
using  the  theory  developed- by  Jeske  [1,2],  For  example, 
Figure  1  shows  the  one-way  propagation  loss  (the  ratio  of 
transmitted  to  received  power)  measured  from  the  radar  to  a 
comer  reflector  as  the  boat  made  two  runs  on  11  October 
1990;  The  solid  line  labeled  "Std"  corresponds  to  the  propaga¬ 
tion  loss  expected-  in  a  standard  atmosphere,  where  the 
modified  refractivity  increases  with  increasing  height  at  a 
constant  rate  of  118  M/km.  The  dashed  line  represents  the 
propagation  loss  expected  in  free  space. -A  comparison  of  the 
radar  data  to  the  standard  atmosphere  prediction  shows  that  the 
last  optical  interference  null  is  shifted  a  kilometer  or- so 
outward  in  range,  and  signal  strength  at  the  last  optical  peak 
(at  about  10  km)  is  reduced  by  about  3  dB,  These  data  were 
measured  over  51  minutes  (1041  to  1132  local  time).  Bulk 
measurements  at  the  F35  site  during  the  same  time  show  wind 
speed  of  6.2  knots,  air  temperature  of  19.35  C,  relative 
humidity  of  88%,  and  a  sea  temperature  of- 19.95  C,  -which 
are  used  to  generate  the  M  profile  (2J.  The  third  curve  on 
Figure  1  is  the  propagation  loss  calculated  for  this  M  profile. 
The  agreement  between  the  prediction  and  the  measurements 
is  excellent  out  to  a  range  of  12  km:  the  measured  null  shift 
and  signal  reduction  are  nearly- identical  to  the  model  results, 
Beyond  12  km,  however,  the  predicted  rate  of  signal  falloff  is 
less  than  measured.  At  18  km,  the  predicted  loss  underesti¬ 
mates  observed  loss'(overestimates  signal  strength)  by  about  3 


3.1  Ranges  Beyond  the  Last  Optical  Peak 

If  the  refractivity  profile  is  calculated  from  the  surface  layer 
model  for  altitudes  to  150  m,-  RPO  predictions  for  the  first 
four  cases  listed  in  Table  1  agree  with  the  observed  radar  data 
for  ranges- about  half  way  to  the  horizon  (the  horizon  is 
approximately  29  km).  At  ranges  near  and  beyond  the  horizon , 
RPO  predictions  underestimate  the  observed  loss,  For  these 
ranges,  the  signal  strength  is  dependent  on  both  the  surface 
layer- and  the  upper-air  M  profiles. 

Figure  2  shows  the  surface  layer  M-profile  and  the  measured 
tipper-air  M  profile  for  13  FebtuaryT991.  At  an  altituue  of 
about  45  m;  the  surface  layer  profile  coincides  with  the  upper- 
air  profile,  which  suggests  that  the  surface  and' tipper-air 
measurements  are  consistent.  However,  L'  from  the  median 
bulk  measurements  is  between  -2.7  and  -4.9  rr.,  so  the  mixed- 
layer  should  therefore  domiriate-at  altitudes  just  above  a  few 
meters.  For  all  eight  cases, -better  comparisons  to  the  measured 
radar  data;a(  ranges  beyond- the  last  optical  peak  are-found 
when  the  surface  layer  height  is  limited  to  the  duct  height  and 
thdHnixing  layer  represented  by  the  upper-air  measurements. 
For  the  first  four  cases,  the  stability  length,-  as  measured  at  the 
F35  site;  is  less  than  the  duct  Height,  so  limiting' the  surface 
layer  to  the  duct  height  is  justifiable.;  For  the  last  four  cases, 
the  stability  length  is  comparable  to  the  duct  height,  so  again, 


placing  the  mixed  layer  at  the  duct  height  appears  to  be 
reasonable.  The  term  "limited  surface  layer"  will  be  used  to 
refer  to  the  model  where  the  surface  layer  is  empirically 
limited  in  vertical  extent  to  the  altitude  of  the  duct  height. 

Figure  3, compares  the  radar  data  taken  on  13  February  to 
RPO  results  predicted 'using  both  the  limited  surface  layer  and 
the  unlimited  surface  layer  model.  For  the  unlimited  surface 
layer,  the  predicted  loss  curve  is  close  to  the  measured  data 
for  ranges  less  than  about  12  km;  Beyond  this  range,  the  loss 
gradient-is  clearly  different- from  the  observed.  For  the 
limited  surface  layer,  the  predicted  loss  curve  is  a  better  match 
to  the  radar  data.  This  technique  of  limiting  the  surface  layer 
to  the  duct  height  is  empirical  and  may  need  refinement. 
However,  this  limited  surface  layer  model  is  consistent  with 
the  assumption  that  theory  is  applicable  only  to  altitudes  much 
less  than  the  base  of  the  inversion.  It  is  believed 'that  a-tietter 
model  can  be  developed  as  more  radar  and  meteorological  data 
areracquired.- However,  the  comparisons  to  measured' data 
illustrate  the  crucial  role  both  of  the  surface  layer  and  of  the 
upper-air  meteorological  characteristics  in  propagation  model-: 
ing. 

3.2  Ranges-less  Hum  the  Last  Peak 

Results  of  propagation  modeling  for-the  last  four-cases  listed 
in  Table  1  do  not  agree  with  the  measured  radio  data  for 
ranges  less  than  and  near  the  last  optical  peak.  The  stability 
length,  L’,  at  .the- F35  site, -is  greater- than  the  duct-height, 
which  implies  that  the  surface  layer  extends  to  at  least  the  duct 
height.  Figure  4  shows  the  radar  data  from  20  November 
1990.  The  curve  labeled "F-Profile"  ■  is  the- calculated  loss 
using  the  meteorology  at  F35;  The  curve  labeled’  "B-Profile" 
is  the  calculated  loss  using  the  meteorology  from  the  boat. 
Both  predictions  differ  from  the  measured  data  for  ranges  less 
than  about  14  km  and  both  incorporate  the  limited  surface 
layer  model.  However,  for  ranges  in  excess  of  14  km,  the  F35 
profile  overestimates  the  loss  by-only  3  dB  or  so.  It  is 
apparent  that  the  surface  layer  should  be  lower  in  altitude  so 
the  RPO  predictions  match  the  radar  dataat  ranges  less  than 
14  km. 

The  consistencv  of  the  meteorological ’data,  shown  in  Figure 
5,  gives  no  indication, of  strong  range  dependency  for  ranges 
less  than  14  km.  One  technique,  termed  "K-Profile",  reduces 
the  surface  layer  height  using  the  same  meteorological  data 
and  surface  layer  theory.  The  K-Profile  procedure  is  (1)  calcu¬ 
late  the  temperature  profile  between  the  boat  and  F35  (hori¬ 
zontal  homogeneity  is  implied)  using  L''as  measured  on  the 
boat,  and  (2)  calculate  the  M  profile  with  the  supposition’ that 
it  follows  the  temperature'profile  by  assuming  that  the  relative 
humidity  is  constant  in  the  surface  layer,  Postulating  that  the 
relative  humidity  isconstant  appears  reasonable  because  the 
median  relative  humidities  measured  both  at  the  boat  and  at 
the  F35  $ite  (for  all  elght  cases)  are  within  5%  of  each  other, 
whicHis  withiri-lhe  bounds  of  measurement  error.  The  duct 
heights  with'  the  heading  of  K-Prpfile  in  Table  1  are  calculated 
using  constant  humidity  in  the  surface  layer. 

In  Figure  4,’the  loss  curve  labeled  “K-Profile"  is  the  result  of 
assuming  constant  relative  humidity  in  the  surface  layer.  -This 
curve  is  a  good  approximation  to  the  measured  data  for  ranges 
less  than-18  km,  but  the  rate  of  signal  falloff  at  longer  ranges 
overestimates  the  observed.  At  shorter  ranges,  comparisons  to 
observed  data  are  qualitatively  better  when  the  K-Profile 
technique  is  applied  to  the  last  four  cases  listed  in  Table  l.:  For 
the  30  January  1991  case,  the  K-Profile  and  the  Jeske  formal¬ 
ism  generate  comparable  results.  However,  for  the  first  three 
cases  in  Table'l,  the  Jeske  formalism.yields  a  better  compari¬ 
son' to  measured  radar  data. 

Although  the  K-Profile  modeldoes  improve  the  comparisons 
of  predicted  to  observed  radar  data  in  at  least  half  of  the'eases, 
the  assumptions  are  riettlesome.  One  of. the  least  understood' 
aspects  of  surface  layer  modeling  is  the  shape  of  the' moisture 
profile; (stability  function).  Although  •  stability  fi motions  for 
temperature  ana  wind  speed  have  been  studied  byjiumerous 
investigators- [4)  and- are '’well  known;  data  describing;  the 
moisture  profile  over  the  sea  are  not  readily  available. Typical- 
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ly,  the  moisture  stability  function  is  assumed  to  follow  either 
the  heat  or  the  momentum  function.  In  the  Jeske  formalism, 
moisture  is  assumed  to  follow  the  momentum;  Additional 
comparisons  to  radar  data  were  made  using  a.modified  Jeske 
formalism  where  moisture  follows  heat,  but  these, comparisons 
showed  no  significant  improvement  in  matching  the  radar  data. 
A  surface  layer  model  following  the  formalism  described  by 
Liu,  Katsanos,  ahd.Businger  (LKB  model)  [5],  was  used  to 
create  M  profiles  for  input  to  RPOrln  the  LKB  model,  L’  is 
comparable  to  the  L’  caiculaled  using  the  Jeske  formalism.  M 
profiles '  using  ' both  moisture  following  heat  and  moisture 
following. momentum  generated  comparisons  (to  radar  data) 
similar  to  those  generated  by  the, Jeske  formalism.  Another 
propagation  model,  Craig  and  Levy’s  PCPEM'[6,7],  which 
uses  a  surface  layer  model  developed  by  Battaglia  [8],  was 
used  to  develop  a  set  of  comparisons  to  the  radar  data.  Median 
meteorological  values  for  several  cases  in  Table  1  were  used 
as  inputs  to  PCPEM  and  the  resulting  loss  curves  are  '•early 
identical  to  the  loss  curves  obtained  using  the  Jeske  model 
with  RPO.  Clearly,  additional  radar  and  meteorological  studies 
are  needed  to  resolve  the  modeling  discrepancies,  particularly 
in  conditions  of  low- wind  speed  and  low  humidity  as  well  as 
in  conditions  of  high  wind  speed  and  high  humidity. 

3.3  Horizontal  Homogeneity 

One  of  the  assumptions  necessary  for  the  K-Profile  surface 
layer  model  is  horizontal  homogeneity,  which  is  a  subject  of 
intense  debate  and  is  critical  to  the  practical  application  of  an 
operational  propagation  model.  The  radar  data  examined  here 
(on  the  scale  of  tens  of  kilometers)  appears  to  be  homoge¬ 
neous.  Over  periods  of  approximately  one  to  two  hours,  as 
illustrated  by  Figures  1, 4,  and  5,  the  consistency  between  the 
outbound  and  inbound  radar  measurements  is  remarkable, 
which  suggests  at  least  temporal,  if  not  spatial,  homogeneity, 
For  seven  of  the  eight  cases,  the  outbound  run  and  the 
inbound  run  overlay  each  other  to  within  5  dB  of  propagation 
loss-the  exception  is  the  data  taken  on  20  November  1990  for 
which  only  one  run  is  valid  (equipment  problems  do  not  allow 
the  use  of  the  other  runs  on  this  day.)  The  greatest  difference 
between  runs  was  observed  on  30  January  1991,  shown  in 
Figure  6.  The  meteorology  for  this  case  (Figure  7)  clearly 
shows  large  fluctuations  in  both  wind  speed  and  humidity. 
However,  as  shown  in  Figure  6,  RPO  loss  curves  derived 
from  both  the  Jeske  and  from  the  K-Profile  surface  models 
(using  the  median  meteorological  data  at  F35)  respectably 
agree  with  the  observed  radar  data.  Even  though  the  meteorol¬ 
ogy  may  fluctuate,  indicating  atmospheric  inhomogeneity,  the 
aggregate  radio  data  do  not,  which  lends  credence  to  the 
assumption  of  homogeneity  in  the  propagation  of  radio 
frequency  signals. 

To  further  strengthen  the  case  for  homogeneity  in  the  propaga¬ 
tion  of  radio  frequency  signals,  data  measured  by  JHU/APL 
[9,10]  on  9  October  1986  at  Wallops  Island,  Virginia,  are 
reproduced  in  Figure  8.  In  this  experiment,  a  beacon  was 
mounted  in  an  aircraft  and  tracked  by  a  5,6  GHz  radar  located 
27  m  above  msl.  The  aircraft  was  flown  over  water  towards 
the  radar  at  a  constant  altitude  of  31  w.  The  first  run  was 
made  between  0835  and  0850  local  time  and  the  last  run  was 
made  between  1105  and  1121  local  time-approximately  3 
hours  separation  in  time,  yet  the  5.6  GHz  radio  data  are 
remarkably  consistent,  The  enhanced  signal,  indicative  of 
surface  ducting,  is  preserved  over  this  time  interval  for  ranges 
beyond  about  37  km  (20  nmi  on  the  plot).  Only  minor 
differences  between  the  two  runs  are  observed  at  ranges  less 
than  27  km  (15  nmi).  This  radio  data  clearly  shows  both 
horizontal  and  temporal  homogeneity  in  the  larger  sense-a 
surface  duct  at  0835  is  still  a  surface  duct  3  hours  later.  A 
standard  atmosphere  curve  and  two  prediction  curves  (based  on 
the  observed  meteorology)  are  supplied  by  JHU/APL.  A  fifth 
curve  was  calculated  by  NOSC  using  the  Engineer’s  Refractive 
Effects  Prediction  System  (EREPS)  [11]  program  with  a  duct 
height  determined  from  a  climatology  of  ducting  [12,13]  for 
the  month  of  October  in  the  Wallops  Island  area.  Both 
JHU/APL  predictions  and  the  EREPS  prediction  reasonably 
match  the  observed  data.  The  ability  to  use  climatological  data 
and  achieve  this  good  agreement  suggests  that  temporal  and 


horizontal  homogeneity  for  radio  propagation  purposes  may  be 
the  rule  and  hot  theexcepfion.  "  ~  .  is 

4.  CONCLUSIONS;  ^  - 

The?  evaporations  duct  significantly ^affects;  X-band;iradar 
detecfidh.capabilifiesjiof  low^altifudej targets, at-  allSranges. 
Within  thejhorizon;\the  duct'may.shifi  the  location  of  the  last 
interference  null  several  kilometers  in  range;  .which  may  .cause 
nondetection  at  ranges  where;  detection  is.  expected  and 
detectionp.at  ranges  where;  detection'  is-  not  expected.  In 
addition^  the  evaporatiomduckmaySeduceihesignalstrength 
at  ranges  near.the  last  interference  peak  so  that  detection  of 
low-altitude  targets  may  not  be  possible  unfit  the  target  is 
much  closer.  These  effects  have  been  observed  in  a  carefully 
controlled, radar  experiment:,  -  '  „•  •  • 

At  ranges. beyond? the, last,  optical  peak, -the  radar? signal 
strength  depends  both  on  the  surface  layer  and  on  the  mixed 
layer.  To  accurately  model  propagation  in  this  rcgion.  knowl- 
edge\ofiboth;;surfacei  layer  -ana  upper-air,  meteorology  is 
required:  An  empiricahmodel  to.merge  the  surface, layer  with 
the  mixed  layer  has  been  developed:  However;  additional 
studies  and  measurements  are  needed  to  refine  this  model. 

A  new  surface  layer,  model  has  been  developed  to  account  for 
discrepancies  between  the  observed  radar  data  and  the  propa¬ 
gation  model.  However,  it  does  not  explain  all  discrepancies 
and  even  failswhere  classical  surface  layer  theory  is  success¬ 
ful.  Further  studies  of  the- surface  layer,  particularly  the 
moisture  profile,  are  needed  to  develop  a  reliable  propagation 
model. 

Horizontal  homogeneity,  has  been  examined  from  a  radio  point 
of  viewj  In  eight  days  of  measurements,  with,  wind  speeds 
from  3  to  10  knots,  horizontal  homogeneity  in  the  radio  data, 
not  necessarily  in  the  meteorology,  appears  to  dominate. 
Range  dependency  in  the  signals,  although  not  fully  explored, 
seems  to  be  a  minor  effect  because  the  predictions  derived 
from  the  meteorology  at  a  single  site  account  for  a  substantial 
portion  of  the  observations. 

Remote  sensing  of  the  environment  using  an  X-band  radar  in 
conjunction  with  modem  numerical  modeling  capabilities  has 
proven  to  be  a  valuable  tool  in  the  understanding  and  utiliza¬ 
tion  of  tropospheric  propagation. 
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Figure  1.  Radar  measurements  (Grey  crosses) 
made  on  11  October  1990.  The  curve  labeled 
"Std”  corresponds  to  the  expected  propagation 
loss  in  a  normal  or  standard  atmosphere  (4/3 
earth).  Propagation  loss  predicted  from  the  bulk 
meteorology  at  the  F35  site  reasonably  matches 
the  measurements  out  to  a  range  of  12  km. 


Figure  2.  Modified  refractlvity  profiles  for  13 
February  1991.  The  evaporation  duct  profile  is 
calculated  using  the  Joske  formalism  from  the 
bulk  measurements  made  at  the  F35  site  . 
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Figure  3.  Radar  measurements  (Grey  crosses) 
made  on  13  February  1991  compared  to 
predicted  propagation  loss  for  a  standard 
atmosphere,  the  unmodified  Jeske  profile  from 
Figure  2,  and, the  modified  (surface  layer  limited 
to  5  m)  Jeske  profile  from  Figure, 2. 
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Figure  4:  Radar  measurements  (Grey  crosses) 
made  on  20  November  1990  compared  to 
predictions  for  (1)  a  standard  atmosphere; 

(2)  limited  surface  layer  profiles  calculated  from 
bulk  measurements  at  both  F35("F-Rrofile")  arid 
the  boat  ("B-Profile");  and  (3)  the  K-Profile 
technique. 
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Figure  5.  Surface  meteorology  measured  on  20  November  1990  between  1124  to 
1314  local  time.  Crosses  indicate  one-minute  average  of  data.  Median  value  at 
both'F35  and  boat  are  listed  on  the  right  side  'of  the  plot; 
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Figure  6.  Radar  measurements  (Grey  crosses) 
made  on  30  January  1991  compafed  to  “ 
predictions  for  (1)  a  standard  atmosphere; 

(2)  a  limited  surface  layer  profile  calculated  from 
bulk  measurements  at  F35;  and  (3)  the  K-Profile 
technique. 
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Median  Kind  at  F35 
Speed  4.5  knot 
Dir  332.9  deg 


Air  Tenperature(C) 
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Sea  Tenperature(C) 
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Median  13.2  15/6 


Relative  Humidity 
F35  Boat 
Median  61.2  61. B 


Figure  7.  Surface  meteorology  measured  on  30  January  1991  between  0946  to 
1332  local  time.  Crosses  indicate  one-minute  average  of  data.  Median  value  at 
both  F35  and  boat  are  listed  on  the  right  side  of  the  plot. 
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Figure  8.  Measurements  from  the  JHU/APL  Wallops  Island  experiment  of  9  October 
1986,  0835  to  1 121  local  time.  Radar  frequency  Is  5650  MHz,  radar  height  is 
26.7  m,  target  height  is  31  m. 


DISCUSSION 

J.  GOLDHWSH 

On  the  East  Coast  we  do  generally  see  horizontal  inhomogeneity  of  the  refraclivity  structure  when  ducting  does  exist.  This 
horizontal  inhomogeneity  was  verified  by  radar  measurements  where  we  examined  the  clutter  maps  of  PPIs,  We  also  verified 
the  inhomogeneity  by  in  situ  measurements  using  helicopters.  The  difference  between  what  you  see  and  what  we  see  is  probably 
due  to  East  Coast  versus  West  Coast  atmospheric  conditions. 

AUTHOR’S  REPLY 

Yes,  that  is  correct.  On  the  East  Coast,  you  are  influenced  by  continental  air  moving  from  west  to  east.  On  the  W«f  Coast, 
the  winds  are  generally  from  the  ocean,  which  tends  to  give  homogeneity. 
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PROPAGATION  TRANSHORIZQN  EN  ATMOSPHERE  MARINE 
MODERATION  ETNOUVEAUX  RESULTATS  EXPERIMENTAUX 

Jacques  CLAVERIE  et  Yvonick  HURTAUD 
-  'Division ASRE- 

CENTRED’ELECTRONIQUE  DE  L’ARMEMENT 
35170  BRUZ 
^FRANCE  • 


RESUME: 

Dans  le  cadre  des  travaux  entrepris  par  le  sous-groupe 
Propagation  de  l’ AC  243/RSG8/com.  Ill,  deuximpor- 
tantes  cantpagnes  de  mesures  out  id  menies  au  voisi- 
nagedes  cdtes  frangaises:  en  Atlantique.(rigion  de  LO- 
R1ENT),  it  Vautomne  1989,  et  en  Miditerraide  .(rigion 
de  TOULON),,  durant  Viti  1990,  Ces  campagnes 
concement  des  liaisons  transhorizon  au  dessus:de  la 
mer,  en  incidence  rasante,  aux  longueurs  d’ondes  centi- 
mitriques  et  millimitriques  (de  3  it  94  GHz).  Afin  de  ca- 
racdriser  finement  la  Couche  Limite  de  Surface  Ocia- 
nique,  des  mesures  mitio  ^logiqucs  cut  id  entreprises  it 
I’aide  de  stations  automaliques,  d’  tne  bouie  placie  it 
proximid  de  la  ligne  de  visie  et  de  radiosondes  suspen- 
dues  it  tin  ballon. 

L’ensemble  des  donnies  recueillies  permet  la  mise  au 
point  et  la  validation  d’un  programme  de  calcul  gtobal 
de  propagation  .en  atmosphire  marine.  Ce programme 
est  constmit  it  patiir  d’un  modile  de  propagation, 
s’appuyant  sur  la  mithode  de  I’iquation  parabollque  et 
d’un  modile  d’environnement,  diveloppi  en  se  basant 
sur  une  mithode  de  type  "Bulk".  L’analyse  statistique  des 
donnies  expirimentales  conclut  it  la  bonne  qualid 
d'ensemble  des  modilisations  utilisies.  L’indret  d'une 
approche  multifriquentielle  est  aussi  clairement  dimon- 
tri.  Cependant,  la  comparaison  temporelle  entre  les 
pedes  de. propagation  pridites  et  mesuries  s’avire  plus 
dilicate.  Une  amilioration  sensible  passe  par  la  prise  en 
compte,  tant  au  niveau  des  mesures  effectuies  que  des 
modiles  d’environnement,  de  situations  atmosphiriques 
complexes  et,  notamment,  des  inhomoginiitis  spoliates. 


I.  INTRODUCTION 

L’arailioration  constante  des  systimes  d’armes  exige 
une  .connaissance  approfondie  du  milieu  de  propaga¬ 
tion.  Dans  le  cadre  des  liaisons. transhorizon  en  ondes 
centimitriques  et  millimitriques  au  ras  de  la  mer,  cette 
connaissance  s’est  fortement  diveloppie  depuis  :une 
vingtaine  d’annies  y[l],  [2],  [3],  [4]).  Le  canal  de  propa¬ 
gation  -est<  principalement  caraclirisi  par  ^’existence 
quasi-permanented’im  conduit  d’ivaporation,  dont  la 
hauteur.peut  , varier.de  quelques  mitres  4  quelques  di- 
zaines  de  mitres.  Les  modilisations  de  ce  canal  de 
propagation  permettent  essentiellement,  4  l’heure  ac- 
tueUe,  de  calculer  la  hauteur  du  conduit  d’ivaporation 


4  partir  des  paramitres  mitiorologiques  classiques 
relevis  -it.  quelques  mitres-  de  hauteur.  Parallilement, 
des  modiles  de  propagation  ont’iti  diveioppis  en  sui- 
vant  diffirentes  techniques  de  volution  des  iquations 
de  propagation  :  solution  modale,  :  mithode  dite  "de 
l’iquation  parabolique",  optique  giomitrique. 

Afin  de-valider  ces  > modilisations,  deux  campagnes 
de  mesures  out  iti  entreprises  par  le  sous-groupe  Pro¬ 
pagation  de  l’AC  243/RSG  8/commission  III.  La  pre- 
miire  experimentation  a  eu  lieu  pendant  l’automne 
1989  sur  la  c6tc  atlantique  franjaisc,  pris  de  la  ville  de 
LORIENT,  La  scconde  s’est  diroulic  durant' l’iti  1990 
sur  la  cdte  miditerranienne  fran$aise,4  proximiti  de 
la  ville.  de  TOULON.  Les  risultats  recueillis  consti¬ 
tuent  une  base  de  donnies  remarquable,  tant  par  les 
moyens  radioilectriques  et  mitiorologiques  mis  en 
oeuvre,  que  par  la  diversities  conditions  de  propaga¬ 
tion  rencontries. 

L’enserable  des  mesures  effectuies,  au  cours  de  ces 
deux  campagnes,  sera  dicrit  dans  la  partie  II,  La  partie 
III  priciscra.les  modiles  utilisds  pour  analyser  les  ri¬ 
sultats  expirimentaiix,  en  insistant  sur  l’itude  du  milieu 
de  propagation.  Une  nouvelle  mithode,  de  type  -bulk', 
permettant  le  calcul  du  profil  d’indice  de  rifraction, 
sera  prisentie,  ainsi  qu’une  ditermination  de  la  hau¬ 
teur  du  conduit  d’ivaporation  &  partir  des  donnies  de 
propagation.  Une  premiire  itude  statistique,  visant  & 
valider  les  diffirents  modiles,  4  partir  des  donnies  de 
la  campagne  de  LORIENT,  fera  l’objet  de  la  partie  IV, 
alors  que  dans  la  partie  V,  deux  cas  particulars  issus 
de  :1a  campagne  de  TOULON  seront  ditaillis.  On 
remarquera  que  la  modilisation  du  conduit 
d’ivaporatibiy  aussi  fidile  soit-elle,  n’est  pas  toujours 
suffisante  pour  caractiriser  de  fa^on  satisfaisante  les 
micanismes  riels  de  la  propagation. 

II.  DESCIUPTION  DES  EXPERIMENTATIONS 

Deux  campagnes  de  .  propagation  ont  eu  lieu  en 
France  depuis :  1989.  La  premiire  d’entre  elles  s’est  di- 
roulie-du*13:Septembre  au,13  Dicembre  1989  sur  la 
cote  sud  de  la  Bretagne,  entre  la  presqu’ile  de  Gavres 
et  la  presqu’ile  de  Quiberon.  Des  liaisons  fonctionnant 
4  3, 10.5, 16, 35, 36  et  94  GHz  ont  iti  mises  en  oeuvre 
sur: une  distance  de  27.7  km.  Leurs  caractiristiques 
giomitriques  et  radioilectriques  sont  donnies  dans  le 
tableau  n°  2.1.  Les  ricepteurs  itaieht  placis  juste  der- 
riire  l’horizon  radioilectrique.  L’absorption  atmosphi- 
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rique  sur  lc  trajet  de  propagation,  trds  faible  k  3  GHz, 
cause  une  attenuation  moyenne  d’environ  15  dB  k  94 
GHz. 

Avec  des  c^actefistiquesJfaMdeiectriquesisimilaire^,  ' 
mais  afin  d,obtenir,  des!'c6nditioitt\de';pr6pagati6hise . 
rapprochant  de  celles  des  ihers  chaudes,  une  seconde 
campagne  de  raesures  a  eu  lieu  sur  la  cote  radditerra- 
nd  me,  entre  la  ville  de  Hydres  et  Pile  du  Levant,- Les , 
liaisons  dtudides,  d’une  distance- de  23.lt  km  sont.dd- 
crites  dans  Ie  tableau  n°  2.2.  ' « '  *-* 

Les  mesures  de  propagation  ont  dtd  effectudes  par 
l’intermddiaire  des  tensions  de  CA.G  dchantillonhdes, 
puis  numdrisdes  k  la  cadence  de  0.1  Hz.  Les  pertes  de 
propagation  ont  ensuite  dtd  ddduites  en  utilisant  les 
CQurbes  d’dtalonnage.des.  systdmes,  Un  moyennage-a 
cnfm  dtd  effectud  sur  10  minutes  afin  de  former  une 
base  dedonndes  de  propagationcompatibleaveccelle 
des  donndcs  mdtdorologiques. 

Durant  chacune  des  deux  campagnes,  un  certain 
nombre  de  moyens  mdtdorologiques,ont-dtd  utilisds  : 
deux  stations  mdtdorologiques,  une  k  chaque  extrdmitd 
de  la  liaison,  et  une>boude  mdtdorologique,  mouillde  a 
proxiniitd  de  la  ligne  de  propagation.  La  boude  mesu- 
rait,  toutes  les  10  minutes,  Pensemble  des  paramdtres 
pcrmettant  de  calculer  la  structure  verticale  de  la 
couche  limitc  de  surface  ocdanique  (paramdtres 
'bulk"),  soit  :  la  tcmpdrature  de  Pair,-  Phumiditd  rela¬ 
tive,  la  pression  atmosphdrique,  les  vitesse  et  direction 
du  vent,  ft  une  altitude  de  4.5  m  (LORIENT)  ou  3.4  m 
(TOULON)j  ainsi  que  la  tcmpdrature  de  l’eau  a  une 
profondeur  d’environ  30  cm. 

Afin  de  caractdriser  plus  fincment  le  canal  de  propa¬ 
gation,  des  mesures  en  mer,  ont  dtd  entrepriscs  durant 
la  campagne  de  TOULON,  les  17  Juillet  et  23  AoQt,  au 
matin,  par  Pintermddiaire  de  sondes  ventildes  DIGI- 
DROP.con5ues.par  la  mdtdorologie  nationale  et  fabri- 
qudes  par  la  socidtd  LEREL.  La  sonde  DIG1DROP 
mesure  la  tcmpdrature  et  Phumiditd  de  Pair  ainsi  que 
la  pression  atmosphdrique.  Elle  est  munie  d’un 
aspirateur  qui  assure  sa  ventilation  interne  ainsi  qu’un 
flux  d’air  de  2:k  3  m/s. 

Mesure  d{t  17  Juillet 

Trois  sondes  ont  dtd  placdes  respectivement  k  1.5  m, 
10  m  et  25  m  au-dcssus  de  la  mer.  Ces  sondes  dtaient 
supportdes  par  un  ballon  tractd-par  une  vedette.  Les 
mesures  ont  eu  lieu  prds  de  la  boiide  mdtdorologique, 
raoteur  de  la  vedette  coupd.  Chacune  des  raesures  a 
durd  environ  10  minutes.  Afin  de  s’affranchir  des  fluc¬ 
tuations  rapides,  les  donndes  de  tempdrature,  humiditd 
et  pression  ont  fait  l’objet  d’un  traitement  donnant  ac- 
cds  k  la  valeur  moyenne,  aux  valeurs  extremes  et  k 
l’dcart-type.Les  conditions  mdtdorologiques  dtaient 
celles  d’um  temps  calrae  et  brumeux  (tableau- n°  2.3). 
Ces  conditions' sont  resides  quasiment  ideritiques  tout 
le  long  de  la  matinde. 

Mesure  du  23  AoOt 

A  cause  de  la  prdsence  d’un  vent  supdrieur  k  5  m/s 


persistant  durant  toute  la  joumde,  l’expdrience  du  17 
Juillet  n’a  pu  etre  reproduite.  Les  trois  sondes  ont  alors 
dtd  redisposdes  sur  la  vedette  de  la  fason  suivante : 

* -  rlalsonde'  la  phis  basse'est  restdeVson  emplacement 
-  rprdcddent)  fixde  au^ut  'd’uhe^pefche  de  1.5  m  au- 
dessus  de  la  mer. 

'  Alardeuiddme-sohde  a  dtd  fixde  sur  le  mat  principal 
.de  la  vedette,  k  une  altitude  de  4.9  m. 

■■  ehfin/la'troisidme  sonde  a  dtd  fixde  au  haul  d’une 
perche  a  l’avant  du  bateau,  h  une  altitude  de  5.05  m. 
;Les  conditions  mdtdorologiques  de  cette  journde  sont 
dgalement  indiqudes  dans  le  tableau  n°  2.3.  Au  corns 
de  l’expdrimentation,  la  tempdrature  et  Phumiditd  de 
Pair  dvolueront  faiblement  sous  Paction  du 
rayonnement  solaire  tandis  que  lc  vent  d’Est  sne 
diminuera  pas  de  fason  significative. 

HI.  MOYENS  D’ANALYSE 

Dans  un  contexte  opdrationnel  (radar  embarqud  sur 
navire,  par  exemple),  la  prddiction  en  temps  rdel  des 
conditions  de  propagation  peut  s’appuycr  sur  la  niesure 
in-situ  des  paramdtres  mdtdorologiques  "bulk".  De 
ceux-ci  on  ddduit;  dans  un  premier  temps,  les  caractd- 
ristiques  du  conduiPd’dvaporation,  puis,  dans  un  se¬ 
cond  temps,  les  pertes  de  propagation  dans  la  configu¬ 
ration  employde  (frdquencc  dmise,  hauteurs 
d’adriens..,).  Si  les  moddles.  de  propagation  existants 
permettent  la  prise  en  compte  de  situations  de  plus  en 
plus  complexes,  tout  en  dtant  adaptds  A  un  fonctionne- 
ment  sur  micro-ordinateur,  la  connaissance  de  la 
structure  atmosphdrique  est  beaucoup  plus  imprdcise 
car  elle  repose  sur  des  hypothdses  simplificatrices  et 
sur  des  formulations  semi-empiriques  dont 
l’universalitd  reste  k  ddmontrer. 

3.1  Calcul  des  pertes  de  propagation 

Par  analogie  avec  la  propagation  dans  un  guide 
d’onde,  la  propagation  atmosphdrique  en  prdsence  de 
conduit  d’dvaporation,  peut- etre  traitde  par  la  thdoric 
modale.  Aux  longueurs  d’onde  ccntimdtriques,  plu- 
sieurs  modes  se  superposent.  Aux  frdquences  infd- 
rieures  k  20  GHz,  on  peut  ne  considdrer  que  le  premier 
mode,  ce  qui  rdduit  considdrablement  le  tenips  de  cal¬ 
cul.  Cette  dernidre  configuration  correspond  au  logiciel 
EREPS  ddveloppd  par  Ie  Naval  Ocean  System  Center 
(USA)  dans  les  anndes  70  ([5]).  EREPS  prend  en 
compte  l’absorption  atmosphdrique,  la  rdfleaoh  sur  la 
mer  et  utilise  la  hauteur  du  conduit  d’dvaporation  pour 
ddterminer  les  pertes  de  propagation  en  supposant  line 
atmosphere  horizontalemerit  homogdne.  Soh-emploi 
perraet'd’anaiyser  les-ddnndes  des  caimpagnes.de  LO¬ 
RIENT- et  TOUL0N  aux  frdquences  les  plus  basses. 

Plus’ rdeemment,  les  radthodes  basdes  sur  la  rdsolu- 
tion  de  ’l’dquation  parabolique”  ont  suscitdmn- regain 
d’intdrdt,  -en  partie;  explicable  par  les* performances 
sans  cesse  accrues  desi  micro-ordinateufs.  A  ce-jour, 
une  realisation  intdressante  est  dispqhible  avec  le-logi- 
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deiPGPEMddveloppd  par-LEVY'-et!CRAIG([6]):du 
RutKerf6rd'-Applet6n<  laboratory?  (Grande-Bfet^ie). 
Fonttionnant;  pour  des  frequences':  comprises-  entreJM 
MHzietipbosGHz^ettenamt^cqmpte'de-l'absorption 
atmbsphdfique‘:'mnsi:  que?de'  lairdflexibh  surda-mer, 
PCPEMutilisedeprofii  vertical  d’indiceTde:rdfracti6h 
^w’ralculer-Ues  pbrtes  depropj^ation.-Il  autorise^de 
pfastda^modeUsation  de  'structures'--  atmosphdriques 
complexes?' inclUant’'  not'amment-  des  -inhomogeheites 
horizontales:  ■■  *  '  '  ■  > 

3 2  Calcul  de  la  structure  atmospherique 

Bases  surda  thdorie  de  MONIN-OBUKHOV  appli- 
qude  it  la  Gouche:Limite  de  Surface  Ocdahique  et  sur 
desformules  semi-etnpiriques  issues ‘deditfdrents  tra- 
vaux  en  mdtdorologie.  plusieurs  -'modiles  de*, conduit 
ont  ddjit  ete  eiabords.  Ces  raoddles,  comme  EVAP  du 
NOSC  ([7]),  determinent  essentieilement  la  hauteur  du 
conduit  d’dvaporation<et  ne  sont  valides  que  pour  les 
altitudes  inferieures  a  40-m,  ce  qui  est  gdnefalement 
suffisant  pour  caractdriser  la  propagation  au  voisinage 
de  l’intcrfaccair-mcr,  Cependant  ils  peuvent,  a  notre 
avis,  fitre  critiques  sur  deux  points. 

Tout  d’abord,  ils  ne  calculent  pas  lc  profit  vertical 
d’indice  de  refraction,  ndcessaire  a  l’exdcution  de 
PCPEM  (comme  nous  le  vcrrons  plusbas,-  cette  diffi- 
culte  peut  ctrc  en  partie  cbntourndc).  Or,  lors  de  la 
campagne  de  LORIENT*  de  longues  pdriodes,  pendant 
lesquellcs  le  niveau  des  signaux  re^us  etait  riettement 
infdrieur  au  niveau  de  diffraction,  orit  did  enregistrdes. 
Ges  dvencments  s'expliquent  a  priori  par  le  phdnomdne 
d’infrarefraction.  Prddire  l’absencc  de  couduit  durant 
ces  pdriodes  est  insuffisant  pour  conclure;  il  faut  irapd- 
rativement  connaitre  le  proftl  vertical  d’indice  de  re¬ 
fraction. 

Do  plus,  la  modelisation*  des  situations  atraosphd- 
riques  stables  (temperature  de  1’a'a'  supdrieure  &  la 
temperature  de  1’eau),  qui  se  traduisent  parfois  par  des 
conduits  d'dvaporation  relativement  dlevds,  n’a  dtdque 
partiellement  traitee.  Certes,  en  plein  ocean,  il  est  ad- 
mis  que  les  situations  stables  sont  peu  probables,  11  en 
va  tout  autremerit  lorsque  (’influence  cotidre  n’est  plus 
ndgligeable, 

Un  nouveau  rnoddle  de  conduit1  a  dt6  ddveloppd  au 
CELAR,  en  s’inspirant  des  mdthodesde  type  "bulk" 
([8]);,Les  points  essentiels-du  calcul  sont  exposds'dcns 
I’annexe  A?et*  par  la  suite,  rwus-ferohs  reference  it  la 
nidthode  "Buik-GELAR*.  Cette  mdthode  permet  de 
calculer  les-  profits  verticaux  de  'temperature', 
d’humidite,  de  vent  et  d’indice  de  refraction  jusqu’k 
une  altitude  de  40  m,  ainsi  que  la  hauteur  du  conduit 
d’evaporation:  :Gest  profils  peuvent  constituerdirecte- 
ment  les  entrees  du  logiciel  PCPEM,  A  titre  d’exeraple, 
lors  de  la  campagne  de  LORIENT,  le  21  septembre,  on 
a  enregistr6~pbnctueHementdes  pertes  de  propagation 
supdrieures  it  190  dB  k  la  frequence  de  10.5  GHz, 'Du¬ 
rant  cet  6venement,  la  hauteur  du  conduit 
d’evaporation  dtait'sille,  entrainant  des  pertes  ealeu- 


Ides  de  167'dB  seulement.  Cette. valeur  de  167  dB  dif- 
fere  du  niveau  de  diffraction  mentibnndda^ie,  tableau 
n^2.1;  $  tbut-simplemehMt  cause  :de-  (’influence  >  della 
hauteuride  smarde.  :Les  {profils missus’  del  (a  -  mdthode 
Biilk-GElARcondu^entiiungradientmoyend’indice 
de  rdfraifiomi  de/195  -  M/km„'cafactefistique:  d’une;si- 
tiiation  d’infrardfractiomLcs  pertes  de  propagation  dd- 
duites'de  ces-profils  coincident ’alorsbienavec  les  ob¬ 
servations:1  •*  . -v-*  •  '  i  ■■ 

Eh  i’absence  d’infrar efraction,*  une  demarches  simpli- 
ficatrice.' consists  h>ne  -calculer, -.que  (a- hauteur  de 
conduit  et  h  supposer  un  profit  d’indice  de  refraction 
log-iindairc 

M(z)  =  M(0)  +:  0,125:(z  -  zc,ln((z  +-  (1) 

avec:  M(z);  indice'de  fdffaction.mbdifie  (unitd'M)  it 

Taltitude  z  (m) 

Zj,  hauteur  du  conduit  d’evaporation  (m) 

zo.dongueur  de  rugositd  dgale  hl,5.1(H  m. 
Dans  ces  conditions  le  calcul  des  pertes  de  propagation 
ne  depend  que  de  la  hauteur  du  conduit  d’evaporation, 
si  on  fixe  par  ailleurs  la  pression  atmospherique,  la 
temperature  del’air,  I’humiditd  relative  et  la  vitesse  du 
vent  A  des  valours  arbitrages  (dans  la  pratique  les 
mdmes  que  celles  figurant  dans  les  tableaux  n°  2.1  et  n° 
2.2);  Gela  revient  h  supposed  qu’independammcnt  des 
conditions  rdellement  observ6es,  la  rugositd  de  la  mer 
ctd’absorption  atmospherique  ;pour  chaque  frequence 
sont  des  constantes! :  cela  risque  de  fausser  sensible- 
raent  la  valeur  des  pertes  calculdes  aux  frequences  les 
plus  elevees. 

<Pour  I’intcrpretation  des  campagnes  de  LORIENT  et 
TOULON;  la  moddlisation;  du>  conduit  d’evaporation 
par  la  mdthode-Bulk-GELAR  s’appuie  sur  les  donndes 
de  boude.  Pour  des  atmospheres  instables,  la  precision 
des  capteurs  mdtdorologiques  er.traine  une  incertitude 
de  quetques  %  sur  la  hauteur  de  conduit  calculde.Par 
contre,  en  situation  atmospherique  stable,  et  notara- 
ment  pour  des  hauteurs  de  conduit  relativement  ele¬ 
vees  (supdrieures  h  15  m),  cette  incertitude  peut  ddpas- 
ser  50%,  Le  fait  queies  conduits  d’evaporation  dlevds 
influencent  surtout  la  propagation  des- frequences  dtu- 
dides  les  plus  basses,  les  predictions  &  ces  frequences 
sont  tris  sehsibles  k  la  qualite  deia  mesure  des  para- 
radtres  "bulk*.,  •- 

DansU’hypothdse  prdeedemraent  ddveloppde  oh  les 
pertes  de  propagation.ne  dependent  que  de  la  hauteur 
du  conduit  d’evaporation,  la  figure  n°  3,l  donne,  pour 
la  campagne  de  TOULON;  les  variations  des  pertes  h  3 
GHz,  calciildes  par  PCPEM,  eii  fonction  de  la  hauteur 
de  conduit.  Compte  tenu  de  sa  monotonie  et  de  sa  rd- 
gularitd;  cette  courbe  peut  facilement  ctre  inversde/Un 
ajustement’-polyhpmitd:  simple;  permet  alors  de  deter¬ 
miner une  relation*  donhant  la  hauteur  de-  conduit 
connaissant  les  pertesde  propagation  k  3,GHz,  Pour  la 
campagne  de  LORIENT,  1’existence  du  phdnomdne  de 
marde  complique-la;mise  en' oeuvre  mais‘ une  relation 
similaire  a  dtd  dlaborde.5  L’intdret:  de  cette  operation  est 
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Tax  d’dbocd,  1c  bantam  de  conduit  profiles  par  les 
dM&ents  xodMes  ■et6crolcyqnes  pcnacX  ctic  com- 
pardcs  a  ccBcs  dedates  dcs  pates  de  propagation  me- 
sardcs  4  3  GHz,  ea  gardaat  4  fespril  qae  ces  derates 
rdsakeat  dTrypotheses  de  calcai  bien  particafidrcs.  U* 
exnmple.  de  comptnisoa,  extra*  de  h  caapague  de 
LORIENT  po«r  la  jemrate  du  27  septembre,  est  repre¬ 
sents  sur  la  figure  n*  32.  Ea  situation  actable,  les  no- 
ddles  mdtdorologiques,  Bo&-CELAR  on  EVAF,  aboo- 
tissent  a  dcs  tom  de  conduit  votsaes  nub  supd- 
rieurrs  aux  valeurs  issues  du  3  GHz  Gcpeadaat,  ced 
ctant  confirms.  par  (fautres  analyses,  Bulk-CELAR 
donoc  des  resukats  plus  proches  de  la  rSafile.  Entre  9b 
cl  19b,  f atmosphere  cst  stable  et  les  mesures  a  3  GHz 
conducnt  a  l’existence  (fun  cooduk  assez  Sieve  en  mi¬ 
lieu  d’apres-midi.  La  mdthodc  Bulk-CELAR,  contrai- 
rement  a  EVAP,  model isc  elle-aussi  un  cooduit  relati- 
vement  SIcvS.  L’estimation  de  sa  hauteur  cst,  comme 
nous  Pawns  dSja  (fit,  assez  imprddse,  en  raison  des  in¬ 
certitudes  de  mesures  qui,  a  elles-seuks,  suffisent  i  ex- 
pfiquer  l'Scart  observe  avec  les  hauteurs  dedukes  du  3 
GHz. 

Par  ailfeurs,  parmi  les  frequences  StudiSes,  la  propa¬ 
gation  a  3  GHz  cst  la  plus  sensible  aux  conduits  en  al¬ 
titude  ou  aux  conduits  de  surface  non  modeiisds  par 
Bulk-CELAR.  Le  cakul  des  pertes  de  propagation 
pour  t  out cs  les  frequences,  a  partir  des  dounees  a  3 
GHz,  permet,  en  cas  d’dcart  important  avee  les  valeurs 
rScllement  mesurScs,  de  diagnostiquer  l’existence  de 
ccs  phenom£nes  particuliers  (voir  la  partie  V). 

Dans  la  suite  dc  1’ftudc,  les  calculs  de  pertes  de  pro¬ 
pagation  ont  £t6  cffectu6s  en  supposant  une  at¬ 
mosphere  horizontalement  homogene.  Cette  hypotbese 
sera  dgalement  discutee  dans  la  partie  V. 

IV.  STATISTIQUES  DE  PROPAGATION  SUR  LA 
CAMPAGNE  DE  LORIENT 

4.1  Mesures  k  3, 105  et  36  GHz 

Les  courbes  de  probabilitSs  cumulScs  des  pertes  de 
propagation  4  3, 105  et  36  GHz  mesurees  durant  une 
pdriode  de  76  jours  entre  20  Scptcmbre  et  Ic  13  dS- 
cembre  sont  prSscntScs  sur  la  figure  n°  4.1.  A  partir  de 
ccttc  figure  ct  en  tenant  compte  des  tableaux  n°  2.1  et 
2.2,  on  determine  fadlement  les  pourccntages  de  temps 
oh  les  pertes  de  propagation  sont  infdrieures  4  cellcs 
corrcspondant  4  l’cspace  fibre,  attenuation  at- 
mospherique  comprise.  Ccs  pourcentagcs  sont  respcc- 
tivement  de  25%,  28%  et  30%  pour  les  liaisons  fonc- 
tionnant  4  3,  105  et  36  GHz  A  105  GHz 
(respectivcment  36  GHz),  le  niveau  d’espace  fibre  est 
atteint  pour  des  hauteurs  de  conduit  depassant  environ 
8  ra  (respcctivement  5  m).  Ces  conduits,  relativcment 
bas,  sont  les  plus  frequents  en  Atlantique  Nord.  En  re¬ 
vanche,  4  3  GHz,  Ic  niveau  d’espace  fibre  est  atteint 
pour  les  hauteurs  dc  conduits  supdricures  4  20  m.  Lors 
la  campagne  de  LORIENT,  les  conduits  eicvds,  dus 


gfMnicmeM  4  h  forte  evaporation  par  beau  temps,  et 
les  conduits  de  surface  its  aux  mcmvcmcMs.  des  masses 
(fair  a’oat  ae  mb  ea  evidence  qae  daraat  2  4  3  %  da 
Ccpeadaat,  lears  presences  pen  went  se  traduire, 
43  GHz,  par  des  pales  de  propagatioa  mfSrieares  de 

10  dB  par  rapport  an  niveau  (fespacc  fibre.  Cette  sur- 
Slevatiou  da  s^nal  cst  meins  proaoacSe  aux  antres  fre¬ 
quences.  Mas,  glcbalemeat,  la  structure  de  la  coudie 
fimkedesariaccreacoalrfe  durant  rexpftimcMtatioB  a 
favorise  la  propagation  4  105  GHz  et  4  36  GHz  enm- 
paratnemeat  4  ceDe  4  3  GHz 

Par  aiOeurs,  la  durec  pendant  laqoeUe  les  pertes  dc 
propagation  soot  supericures  4  cellcs  du  niveau  dc  dif¬ 
fraction  represent  e  respcctivement  environ  18%,  10% 
ct  8%  du  temps  total  de.  r experimentation,  aux  fre¬ 
quences  de  3,  105  et  36  GHz  Ces  fortes  pates 
s’expliqucnt  par  les  deux  pb£nom£nes  suivants : 

-  I'infrarcfroction 

Les  profits  dmdke  de  refraction  modifiS,  calcuISs  4 
partir  des  donnecs  m  St  Sorologiques  relcvSes  par  la 
bouSe,  pr£sent  ent  un  gradient  superieur  4  157  M/km. 
La  modeiisatioo  des  evenements  d'infrarSfraction  n’eJ 
pas  toujours  auss:  satisfaisante  que  dans  1’exemplc 
mentionne  dans  ic  paragraphe  32.  En  effet,  ces  eve¬ 
nements  soot  caracterises  par  de  fortes  valeurs  dc 
I’faumidite  relative  (>  90  %)  pour  lesquelles  la  iiabilke 
du  captcur  de  bouec  est  discutablc.  De  plus,  ils  intcr- 
viennent  pour  des  situations  almospheriques  tr£s 
stables,  ddbordant  du  strict  cadre  de  vafidhe  des  equa¬ 
tions  4  la  base  de  la  mStbode  Bulk-CELAR. 

L’effet  de  1'infrarSfraclion  sur  les  liaisons  etudidcs  cst 
surtout  sensible  aux  frequences  les  plus  basses. 

-  Veffet  des  hydromiliores 

La  presence  de  brouillards  ou  de  chutes  de  pluic 
rend  la  coucbe  limite  de  surface  homogene:  f existence 
de  conduits  d’6vaporation  est  alors.peu  probable  et  le 
niveau  dc  signal  re?u,  hors  attenuation  par  les  hydro- 
mStSorcs,  cst  proche  de  eclui  corrcspondant  4  la  dif¬ 
fraction. 

Si  1’eOet  de  la  pluie  est  toujours  tr£s  faiblc  4  3  GHz, 

11  peut  devenir  non  nSgligeablc  4  10  GHz  (02  dB/km 
pour  unc  intensite  de  pluie  dc  10  mm/h).  A  36  GHz, 
sur  la  distance  consid6r£c,  il  cst  toujours  significatif 
(02  dB/Jun  pour  une  pluie  de  1  mra/h,  15  dB/km  4 10 
mm/h  ).  Les  brumes  Spaisses,  prdsentes  sur  de  grandes 
dtendues,  attdnuent  aussi  fortement  les  signaux  dmis 
aux  longueurs  d’onde  millimdtriques  (0.15  dB/km  4  36 
GHz,  pour  un  brouillard  d’advection  oil  la  visibilitd  est 
de  200  m). 

42  Comparaison  statistique  entre  la  mesure  et  la  mo- 
ddUsation 

4,21  modSlisation  4  partir  des  donndcs  nidteorolo- 
giques 

Les  probabilitds  cumuldes  des  pertes  de  propagation 


4-5 


mesurdes  e t  moddfis to  soot  donndes  aux  frdqueaces 
dc  3,  IOlS  ct  36  GHz  sur  les  figures  n*  42  a  4.4.  Elies 
soot  relatives  a  Teasembte  de  la  pdriode  dc  fooc- 
tioBnement  nominal  de  rexpdrimentation  (du  20  Sep- 
tembre  an  lSNovembre).  les- pdriodcs  de  phrie,  de 
faibfc  vis&ilkd  et  d’infrardfractioa  n’oot  pas  did  consi- 
ddrdes  dans  cette  analyse:  Elies  peuvent  faire  I'objet 
<Tcn  traitement  partiailier. 

On  constate  que  la  moddEsation  BuBc-CE- 
LAR+PCPEM,  en  tenues  de  probabffitds  cnmuldes, 
rend  compte  de  fa$oo  satisfaisantc  des  mesures  effec- 
tudes.  A  la  firdqnence  de  3  GHz,  les  deux  combes  sont 
quasiment  identiques  sauf  poor  les  pertes  les  pins 
faibles  ou  la  stratification  des  couches  au-dessusdu 
conduit  d’dvaporation  intervient.  A  105  GHz,  l’dcart 
entre  les  courbes  n’excdde  pas  3  dB.  A  36  GHz,  il  de- 
vient  plus  important  pour  les  fortes  pertes  (10  dB).  On 
peut  tenter  d’expliquercet  dcart  en  remarquant  la  forte 
variation  des  pertes  de  propagation  pour  les  faibles 
hauteurs  de  conduits.  En  effet,  pour  un  certain  nombre 
d’dvd nements  assodds  k  des  conditions  mdtdorolo- 
giques  particulidres  (vent  faible,  forte  humidhd),  les 
paramdtres  ’bulk'  founds  par  la  boude  peuvent  etre 
etTonds  ou  non  reprdsentatifs  de  la  liaison.  Ces 
donndes  conduisent  alors  k  une  sous-estimation  de  la 
hauteur  du  conduit  et  4  une  surestimation  des  pertes 
de  propagation. 

4,2.2  Moddlisation  k  partir  des  donndes  de  propagation 
a  3  GHz 

Suivant  la  mdthode  exposde  au  paragraphe  3.2,  la 
hauteur  du  conduit  d’dvaporation  peut  etre  ddduite  des 
pertes  de  propagation  a  3  GHz.  Cette  valeur  permet 
alors  de  calculer  les  pertes  dc  propagation  a  d’autres 
frdquences.  Ce  type  de  travail  a  dtd  effectud  a  105 
GHz  et  a  36  GHz.  Les  courbes  de  probabilitd  cumulde 
des  pertes  de  propagation  mesurdes  et  ddduites  sont 
prdsentdes  sur  les  figures  n°  45  et  4.6.  Comme  prded- 
demment,  les  pdriodcs  de  pluie,  de  faible  visibility  et 
d’infrardfraction  ont  dtd  rctirdes  des  statistiques.  A  la 
frdquence  de  105  GHz,  les  courbes  s’dcartent  au 
maximum  de  6  dB.  A  la  frdquence  de  36  GHz,  les 
dcarts  sont  plus  significatifs  pour  les  fortes  attdnua- 
tions.  En  tout  dtat  de  cause,  il  est  intdressant  de  remar- 
quer  que  ces  interpolations  frdquentielles  donnent,  en 
terraes  de  probabilitds  cumuldes,  des  rdsultats  dqui- 
valents  ou  radme  raeilleurs  que  ceux  que  Ton  a  en  utili- 
sant  les  donndes  relevdes  par  la  boude. 

V.  ETUDE  DE  CAS 

5.1  Introduction 

La  moddlisation  temporelle  des  pertes  de  propaga¬ 
tion,  et  a  fortiori,  leur  prddiction  est  difficile  a  cffcctuci 
puisque  l’cnsemble  des  phdnomdnes  mdtdorologiques 
intervenant  sur  le  trajet  doivent  etre  pris  en  compte  : 
inhomogdnditds,  ddplacement  des  masses  d’air,  stratifi¬ 


cation  verticale  et  prdsence  dveniueBe  de  discontiniutds 
de  la  tempdrature  et  de Thumiditd,- prdsence  de  phfie 
ou  de  bromDard.  L’analyse  des  dvdhements  de  propa¬ 
gation  permet  <Fapprdder  l’dcaft  entre  la  moddlisation 
et  la  mesure  .  EBe  suggdre  les  voies  d’amdlioration  i 
apportcr.  soit  aux  moddles  de  propagation,  sent  a  leurs 
donndes  d’entrde.  Deux  journdes  relatives  k- la  cam- 
pagne  de  prop^ation  de  TOULON  1990  ont  dtd  analy- 
sdes.  Elks  correspondent- aux, pdriodcs  pendant  les- 
queUes  des  mesures  de  profits  en  mer  ont  dtd  effec- 
tudes. 

52  Examca  de  fat  journde  da  17  Juiilet 

5.Z1  prnfils  d’indice 

Les  profils  de  tempdrature,  humiditd,-  vitesse  du  vent 
et  comdice  de  rdfraction  d’une  part  calculds  a  partir 
des  capteurs  de  la  boude  plafcds  a  3.4  m  et '  d’autre  part 
mesurds  par  l’intennddiaire  des  3  sondes  soutenues  par 
le  ballon  ont  dtd  reportds  en  figure  n°  5.1. 

Les  incertitudes  de  mesure  sont  dgalement  reprd- 
sentdes.  Elies  s’appuient  sur  la  prddsion  des  capteurs 
et  conduisent  au  tracd  d’un  profil  minimum  et  d’un 
profit  maximum  pour  cbacun  des  paramdtres.  Ces  deux 
profils  sont  ddduits  d’un  traitement  oh  l’on  a  fait  si- 
multandment  varier : 

-  la  diffdrence  de  tempdrature  entre  l’air  et  l’eau  (± 

02°C) 

-  l’humiditd  relative  (i  3%) 

-  la  vitesse  du  vent  (A  0.2  m/s) 

De  la  meme  fa$on,  les  points  de  mesures  ont  dtd  en- 
cadrds  par  les  valeurs  minimales  ct  maximalcs  ddduites 
de  1’dtude  de  chaque  relevd. 

La  tempdrature  de  I’air.  sur  la  boude  est  infdricurc 
d’environ  1°C  k  celle  de  la  mer.  La  pdriode  traitde  cor¬ 
respond  k  une  situation  atmosphdrique  instable.  Les 
variations  des  paramdtres  sont  peu  importantes. 
L’humiditd  augmentc  faiblemcnt  (moins  de  1%  sur 
235  m).  La  tempdrature  prdsente  un  profil  plus  pro- 
noned  et  sa  valeur  relevde  &  1.5  m  est  proche  de  celle 
de  l’eau.  Le  profil  du. coindice  s’inscrit  dans  le  domaine 
d’incertitude  lid  k  la  prdcision  des  capteurs.  La  hauteur 
dc  conduit  ddduite  des  donndes  de  la  sonde  placde  it  10 
m  est  proche  de  celle  calculde  d  partir  des  paramdtres 
relevds  par  la  boude  (environ  5  m). 

5.2.2  dtude  des  pertes  de  propagation 

Durant  toute  cette  journde,  l’atmosphdre  dtait  en  si¬ 
tuation  instable  et  les  hauteurs  de  conduit  calculdcs  par 
la  mdthode  Bulk-CELAR  sont  restdes  assez  faibles,  os- 
dllant  entre  3  et  10  m.  La  figure. a*  5.3  permet  la  com- 
paraison  entre- les  pertes  de  propagation  calculdes  et 
mesurdes,  d  la  frdquence’de  16  GHz.  On  constate  que 
la  moddlisation  Bulk-CELAR +PCPEM  est  constant- 
ment  supdrieure,  d’environ  20  dB,  aux  mesures,  alors 
que  les- rdsultats  ddduits  des  pertes  de  propagation  &  3 
GHz  en  sont  relativement  proches.  Si  on  effectue  les 


memes  comparaisons  aux  frequences  de  3  et  105  GHz, 
:leS‘ conclusions  sont  similaires  :  on  observe  undcart 
systdmatique  de  5  dB  4  3.GHzet  de  lO  .dB  4  103  'GHz. 
■Or,-  les  donndes  de  boude  ainsi  que  leshauteurs  de 
conduit  calculdes  par  la  indthode  Bulk-CELAR  ont  dtd 
validdes  par  l’enseinble.  des  mesures  ■  de  •  profils  verti- 
caux  ddcrites  pfidcddemmenL  On  noted’ailleurs:(Cf- fi¬ 
gure  n°  53)' que  Ids  variations  -  relatives :  des  -  signaux 
prddits  et  mesurds  sont  tout  4  fait  identiques.  De  plus, 
les  comparaisons  4  36  GHz,  montrdes  sur-la  figure  n° 
5.4  sont  satisfaisantes;  il  n’y  a  pas  d’dcart  systdmatique 
entre  les  valeurs  moyennes  des  signaux  mesurds  et  prd- 
dits.  Par  contre,-  l’utilisation  deS'pertes  de  propagation 
4  3  GHz  conduit  4  des  valeurs  sans  rapport  perceptible 
avec  la  rdalitd. 

Une  interpretation  de  cet  ensemble  de  rdsultats  ap- 
paremment  contradictoires  peut  toutefois  etre  avanede. 
La  valeur  dlevde  des  pertes  de  propagation 
(supdrieures  au  niveau  de  diffraction)  observdes  4  3, 
103  et  16  GHz,  en  ddbut  et  fin  de  joumde,  ainsi  que  la 
forte  humiditd  de  l’air  peuvent  laisser  supposer 
l’existence  de  situations  d'infrardfraction.  Par  ailleurs, 
le  vent  faible  au  niveau  de  la  boude  et  quasiment  nui 
prds  des  cotes  accrddite  l’hypothdse  d’une  liaison  hori- 
zontalement  inhomogdne.  II  est  done  ldgitime  de  sup- 
po^er  un  canal  de  propagation  ayant  la  structure  sui- 
vante  :  prds  des  cotes,  aux  extrdmitds  de  la  liaison,  ab¬ 
sence  de  conduit  voire  situation  de  ldgdre  infrardfrac- 
tion;  au  milieu  de  la  liaison,  existence  d’un  conduit 
d’dvaporation  assez  bas  et  bien  caractdrisd  par  les  don- 
ndes  de  boude.  La  simulation  par  PCPEM  d’une  telle 
configuration  permet  aux  pertes  calculdes  4  3,  103  et 
16  GHz  de  se  rapprocher  des  niveaux  mesurds,  sans 
pour  autant  affecter  scnsiblement  les  valeurs  prddites  4 
36 -GHz.  Seuls  des  moyens  d’observation  mdtdorolo- 
giques  suppldmentaires  auraient  permis  de  vdrifier  ces 
hypothdscs. 

II  est  intdressant  de  noter  que  pour  les  deux  jours 
prdeddant  Ie  17  Juillet,  les  conditions  mdtdorologiques, 
d’une  part,  et  les  comparaisons  entre  mesures  et  mo- 
ddles,  d’autre  part,  prdsentent  des  caractdristiques  si¬ 
milaires  4  celles  que  nous  venons  d’analyser. 

53  Examen  de  la  journde  du  23  AoOt 

53.1  profils  d’indice 

Le  profit  d’indice  a  dtd  acquis  seulement  pour  deux 
altitudes  car  la  prdsence  d’un  vent  supdrieur  4  5  m/s  ne 
permettait  pas  de  sortir  le  ballon. 

L’dcart  de  tempdrature  entre  l’air  et  l’eau  Idgdrement 
ndgatif  en  ddbut  d’expdrience  devient  positif  par  la 
suite.  L’dtat  de  la  Couche  Limite  de  Surface  Ocdanique 
est  proche  de  la  neutralitd.  La  ddcroissance  de 
l’humiditd  (5%  sur  33m)  est  lide  4  la  prdsence  du  vent. 
Le  profil  d’indice  (figure  n°  5.2)  est  marqud  par  une 
forte  variation  sur  les  5  premiers  mdtres.  La  hauteur  du 
conduit  calculd  4  partir  des  capteurs  de  la  boude  est 
d’environ  une  vingtaine  de  mdtres.  Les  profils  obtenus 


different  de  ceux  du  17  Juillet. 

53.2  dtude  des  pertes  de  propagation 

Des  fluctuations  importaetes  de  pertes  de  propaga¬ 
tion  sont  observdes  durant  la  joumde,  spddalement  aux 
basses  frequences  entre.  0-4:h  et,39-23h  durant  la  nuit 
(4  la  frdquence  de  3  GHz,  20  dB,  en  moins  d’une  demi- 
heure,  vers  1  h,  20  dB  en  moins  .d’une  heure  vers.22  h). 
La  moddlisation  Bulk-CELAR  utilisant  les  donndes  de 
boude  ne  rend  pas  compte  d’un  tel  comportcment 
(figure  n°  53).  En  revanche,  les-  hauteurs  du  conduit 
ddduit  des  donndes-de  propagation  4-3  GHz  par  la 
mdthode  exposde  au  paragraphe  3.2  sont  largement 
plus  dlevdes  que  celles  calculdes  4  partir  des  para- 
mdtres  relevds'par  la  boude.  Enfin,  ces  pdriodes  sont 
caractdrisdes  par  une  brise  de  terre  lide  4.1a  circulation 
des  masses  d’air  par  temps  chaud  sur  le  littoral.  Cette 
circulation  d’air  peut  entrainer  la  formation  d’un 
conduit  de  surface  qui  vient  se  superposer  au  conduit 
d’dvaporation.  La.  prdsence  d’un  tel  profil  sur  la  liaison 
permet  de  rendre  compte  de  la  variatiori.des  pertes  de 
propagation  mesurdes.  II  favorise  en  effet  la  propaga¬ 
tion  dans  le  domains  centimdtrique  sans  augraenter  de 
fa?on  significative  celle  dans  le  domaine  millimdtrique. 

A  partir  d’environ  7  h,  il  s’instaure  un  vent  de  secteur 
Est  scnsiblement  plus  humide  qui  tend  4  rendre  plus 
homogdne  le  profil  vertical  de  l’indice,  sans  toutefois 
supprimer  entidrement  le  conduit  de  surface.  En  effet, 
durant  cette  pdriode  s’dtendant  jusqu’4  18  h,  les  pertes 
calculdes  4  3  GHz  sor.t  sensiblcmcnt  infdrieures  4 
celles  mesurdes  (entre  4  et  11  dB).  En  revanche,  les 
dcarts  entre  la  mesure  et  le  moddle  4  10, 16  et  36  GHz 
(figure  n°  5.6)  sont  en  moyenne  plus  faibles.  Ces  dcarts 
faibles  ainsi  que  les  mesures  de  profils  effcctudes  4 
1’aid-*.  des  sondes  ventildes  tendent  4  validcr  la  moddli- 
satio.  du  profil  d’indice  dans  le  conduit  d’dvaporation 
par  la  .uethode  Bulk-CELAR+PCPEM. 

VI.  CONCLUSION 

En  s’appuyant  sur  l’importante  base  de  donndes  de 
propagation  et  de  mdtdorologie  recueillie  durant  deux 
campagnes  successivcs,  la  validation  globale  d’un  mo¬ 
dule  de  propagation  (PCPEM)  associd  4  un  moddle  de 
calcul  de  la  partie.basse  de  la  couche  limite  de. surface 
(BULK-CELAR)  a  dtd  effectude.  Cette  validation  s’est 
opdrde  en  utilisant  deux  voies  de  comparaison  entre  les 
pertes  de  propagation  mesurdes  et  moddlisdes : 

-  la  comparaison.  statistique  est  satisfaisante  si  les 
conditions  de  propagation  se  rapprochent  :de  celles 
prdsentes  en  pleine  mer,  comme  cela  fut  le  cas  pom- 
la  campagne  de  LORIENT.  L’extension  frdquentielle 
4  partir  des  pertes  mesurdes  4  3  GHz  a  dtd  entreprise 
avec  succds.  Elle  permet  d’apprdcier  de  fajon  prdcise 
les  conditions  de  propagation  dans  une  bande.de  frd¬ 
quences  trds  large  (de  3  4  36  GHz); 

-  la  comparaison  temporelle  montre  en  revanche  que 
la  condition  d’homogdnditd  horizontale  prise  frd- 


rquemment  dansdes^moddlisations  n’esCpas'systdnia- 
tiquem'ent *v6nfi6e.  Gette!  moddlisation  ’esti  d’autant 
plus  difficile  que  la  liaison  se  place  d  proximitd  de  la 
cote.  En  effet,  les  divcrses  circulations  de  masse 
d’air,  d’origine  advective  ou  convective,  donnent  nais- 
sance  a  des  conduits  de  surface'  quit-influent  iforte- 
ment  sur  la  propagation  aux  longueurs  d’ondes  cen- 
timdtriques:  Paii'ailleurs,  laprdsence  de  la-cote  rend 
le  conduit  .d’dvaporation  'inhomogdne  ;quand!:les 
hearts  thermiques  eLhygfomdtriquessont  importants 
entre  la  terre  et  la  mer.' •  *  -  •  • 

Si  lasmdthode  de  Equation  paraboliquerdpond  bien 
d  la  rdsolutiondu  probldme  dela  propagation  centi- 
mdtrique  et  millimdtrique  au-dessus  de  la-mer,  il  de- 
meure  done  la  difficultd  de  moddliser  le  canal  de  pro¬ 
pagation  du  point  de  vue  mdtdorologique. 

Dans  la  partie  basse  de  ce  canal,  la  moddlisation  du 
conduit  d’dvaporation  4  partir  des  paramdtres  collectds 
d  l’interface  air-mer  s’avdre  delicate  quand  la  tempe¬ 
rature  de  fair  est  supdricure  d  celle  de  l’eau  (cas 
stables).  Pour  ces  situations,  courantes  prds  des  cites, 
la  mdthode  BULK-CELAR  propose  une  nouvellc  ap- 
prochc. 

Au-dessus  d’unc  quarantaine  de  metres  d’altitude,  le 
profil  vertical  de  l’indice  n’est  plus  exclusivement  lid 
aux  conditions  prdsentes  &  la  surface  de  la  mer.  Sa 
connaissance  passe  alors  par  la  mise  en  oeuvre  de 
moyens  lourds  (  radiosondages,  rdfractomdtres  embar- 
quds...)  et  par  l’dtude  fine  de  la  situation  mdtdoro- 
logique. 


ANNEXE  A :  LA  METHODE  BULK-CELAR 

Aux  frequences  radiodlcctriqucs,  le  coindicc  de  rd- 
fraction  de  Pair,  N,  est  fonction  de  la  pression  at- 
mosphdrique  p  (cn  HPa),  de  la  tempdrature  T  (en  K) 
et  de  la  pression  particllc  de  vapeur  d’eau  e  (en  HPa): 

N  =  77.6(p/T  +  4810.C/T2)  (A-l) 

II  existc  un  conduit  de  guidage  des  ondes  radiodlec- 
triques  lorsque  dN/dz  <  -157  N/km  ou  dM/dz  <  0,  oil 
la  variable  z  reprdsente  1’altitude  et  M,  le  coi'ndice  de 
rdfraction  inodifid,  ddfini  par  :  M  =  N  +  0.157z.  Au 
voisinage  de  l’intcrface  air-mer,  la  forte  ddcroissance 
de  1’humiditd  sur  les  premiers  mdtres  d’altitude  suffit,  d 
clle-scule,  d  expliquer  1’existence  d’un  conduit  de  gui¬ 
dage,  appeld  conduit  d’dvaporation.  La  hauteur  de 
conduit,  zc,  est  solution  de  l’dquation : 

dM/dz  =  0.  (A-2) 

Dans  la  basse  troposphere,  on  admet  que  la  pression 
atmosphdrique  ddcroit  lindairement  en  fonction  de 
l’altitude  avec  une  pente  de  -0.12  HPa/m.  Le  profil 
vertical  d’indice  de  rdfraction  pourra  done  etre  calculd 
si  on  connait  les  profils  verticaux  de  tempdrature  et 
d’humiditd  (1’humiditd  de  l’air  est  quantifide  par  diffd- 
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rrents-parametres,  entrerautres' r  e;:ddfmie  d:dessus, >q, 
s  l’humiditd  spdcifique  ef-Hprhumiditdrelative).'  ■  - 
.orlEnssupposant  l’atmosphdre.  horizontalement  homo- 
jgdnej/tminevmbddlisecque  les  dchanges>'vefticaux.  et, 

•  dans  tla  Couchc.  :Limi  te =  de  -  Surface,  .dont;*  l’dpaisseiir 

•  n’excdde;  pas’  une  *  quarantaine  de»indfres;.  la;  thdorie.  de 
MONIN-OBUKHOV  conduit  aux  dquations’suivantes, 
oil  k-»  0.4.esf  la  cons’tante  de  VomKarman : 

du/dz  -  (u./kzy.^z/L)  (A-3) 

de/dz  =  (e./kz).*h(z/L)  (A-4) 

dq/dz  =  (q./kz).$h(z/L)  (A-5) 

u  ddsigne  latvitesse  du  vent  et  n’intervient  pas  directe- 
meht  dans  le  calcul  de  l’indice  N,  mais  (A-3)iest  ndees- 
saire  d  la.rdsolution  du  probldme.  ©  reprdsente  la  tem¬ 
pdrature:  potpntielle  (e=T+Dz  oitT=9,86.10'3  K/m). 
u.,  6.  et  q.  sont  des  paranidtresd’dchelleet  L,  la  lon¬ 
gueur  de  MONIN-OBUKHOV,  est  un  indicatcur  de 
stabilitd  (L<0  pour  une.  atmosphere  instable  et  L>0 
pour  une  atmosphere  stable).  <Jm  et  ih  sont  des  fonc- 
tions  universelles  pour  lesquelles  de  nombreuses  for¬ 
mulations  semi-empiriques  existent.  La  mdthode  Bulk- 
CELAR  utilise : 

-  pour  les  cas  instables,  les  fonctions  donnCes 
par  DYER  et  HICKS  ([9]) 

*m(*/L)  =  (l-16z/L)->/4 

*h(z/L)  =  (1  -  16z/L)'V2  (A-6) 

-  pour  les  cas  stables,  les  fonctions  proposdes 
parKONDO  ([10]) 

*m(z/L)  =  *h(z/L)  =  1  +  (6z/L)/(l  +  z/L)  (A-7) 

La  longueur  de  MONIN-OBUKHOV  est  ddterminde 
en  utilisant  le  nombre  de  Richardson  de  gradients  Rj( 
fonction  de  l’altitude  z.  II  peut  etre  mis  sous  la  forme  : 

Ri(z)=(z/L).*h(z/L)/*m2(z/L)  (A-8) 

Les  expressions  utilisdes  de  et  $h  permettent,  aussi 
bien  pour  les  cas  instables  que  pour  les  cas  stables,  le 
calcul  de  L  d  partir  de  la  valcur  de  Rj  d  une  altitude  Zj. 
Gette  dernidre  valcur  n’est  pas  accessible  directement 
mais  s’obtient  assez  simplement  par  urie  mdthode  itd- 
rative,  connaissant  le  nombre  de  Richardson  "bulk", 
RjB,  d  la  mime  altitude  Zj.  (La  ddfinition  de  Rj  fait  in- 
tervenir  les  gradients  verticaux  de  u  et  de  0.  Le 
nombre  de  Richardson  "bulk"  est  ddfini  en  remplagant 
ces  gradients  par  les  variations  des  paramdtres  entre 
l’altitude  nulle  et  Zj  qui,  en  pratique,  correspond  d 
Paltitude  des  capteurs.  Rjg  se  ddduit  done  simplement 
de  la  mesure  des  paramdtres  "bulk"):- 
■L  dtant  ddterminde,  l’intdgration  analytique  des 
dquations  (A-3),  (A-4)  et  (A-5),  e’est  d  dire  le  calcul 
des  profils  verticaux  de  vent,  de  tempdrature  et 
d’humiditd,  est  possible.  Le  domaine  d’intdgration 
commence  d  l’altilude  zg  pour  (A-3)  et  d  l’altitude  Zq, 
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pour  (A-4)  et;(A:5).'  Lesgrandeurs  z^  ct  z^y  appeldcs 
longueurs  de.rugosit6et  gdndr  alement  tris  faiblesi(<:l 
can),1  correspondent  aux  altitudes  oh;  des '.variables 
mdtdorologiqueSiU,^©  ,et  q  -cessenfcd’etre  dgalesraux 
valeurs  iniposdes  parrinterfaceaif-'mer  (vent  nul,'tem- 
pdrature  de i’air  6gale4  la  temperature  de  l'eau/humi- 
dit6irelative  :de!,100  %).  . Elies  dependent1  essentielle- 
ment  de  la  vitesse  du  vent-4  quelques  metres  d’altitude 
et  sont  calcuiees  4  partir  des  rdsultats  publids  par 
KONDO.  Quant  aux  param4tres  d’6chelle1u.,  ©J'etq., 
ils  sont  determines  4  partir  des  valeurs'  de  u,  9  et  q  4 
Taltitude  Zj. 

Le  profit  vertical  d’indice  de  refraction  est  ensuite 
deduit  des  profils  verticaux  de  temperature  et 
d’humidite,  par  la  relation  (A-l).  Par  ailleurs,  la  hau¬ 
teur  du  conduit  d’evaporation  est  obtenue  par  la 
resolution  analytique,  nioyennant  quelques  approxima¬ 
tions  au  premier  ordre,  de  l’equation  (A-2). 
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TABLEAU  N°  2.1 
CAMPAGNE  DE  LORIENT 

118  M/km- 1013  HPa  -  75  %•  7  m/s 

longueiirde  la  liaison :  27.7km 


F(Ghz) 

He(m) 

Hr  (a) 

Fsl(dB) 

Diff (dB) 

H(km) 

A(dB/km) 

3 

8.36 

10.41 

131 

154 

25'*.0> 

0.01 

5.6 

8.36 

10.41 

136 

159 

25.2 

0.01 

10.5 

8.35 

10.50 

.  142 

162 

25.2 

0.02 

16 

8.35 

10.40 

145 

166 

25.2 

0.04 

35 

8.23 

10.26 

152 

176 

25.0 

0.12 

36 

8.74 

8.40 

152 

178 

24.2 

0.12 

94 

9.25 

11.29 

161 

187 

26.4 

0,54 

TABLEAU  N°  2.2 
CAMPAGNE  DE  TOULON 

118  M/km  - 1020  HPa  -  20  'C  -  75  %  ■  7  m/s 
Longueur  de  la  liaison :  23.1  km 


F(GhZ) 

He  (m) 

Hr  (m) 

Fsl(dB) 

Diff (dB) 

H(Jca) 

A(dB/km) 

3 

3.88 

5.88 

129 

159 

18.1 

0.01 

5.6 

3.88 

5.88 

135 

163 

18.1 

0.01 

10.5 

3.86 

5.97 

140 

167 

18.2 

0.02 

16 

3.87 

5.87 

144 

171 

18.1 

0.05 

35 

3.74 

5.74 

151 

183 

17,8 

0.16 

36 

2.80 

11.05 

151 

176 

20.5 

0.16 

94 

4.76 

6.76 

159 

193 

19.7 

0.73 

He(m) :  hauteur  de  l’antenne  d’dmission  par  rapport  au  niveau  moyen  de  la  mer 
Hr(m) :  hauteur  de  I’antenne  de  reception  par  rapport  au  niveau  moyen  de  la  mer 
fs!(dB):  pertes  d'espace  libre 

diff(dB) :  pettes  correspondent  au  niveau  de  diffraction  (absorption  atmosphirique  induse) 
H(km) :  horizon  radio^lectrique 
A(dB/km> :  absorption  atmospMrique 
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TABLEAU  N*  23  . 

CONDITIONS  METEOROLOGIQUES  MOYENNES 
RELEVEES  LES  17  JUILLET  ET  23  AOUT 


FAMIOTRBS 

17  JOILttT 

23  AOUT 

Tempirature  da  l1 air 

21*C 

25*C 

Humidit*  ralativa 

85% 

65% 

Pression 

1019  HPa 

1022  HPa 

Vitesse  du  vent 

1-3  m/a 

.  5  m/s 

Direction  du  vent 

secteur  SUD 

secteur  EST 

Visibilitt 

6  km 

>  15  km 

Ntbulositi 

7/8 

0/8 

< 


TOULON  90  frequence  :  03  GHz 

Partaa  de  propagation  calculfas  par  PCPEM 
an  fonction  da  la  hautaur  da  conduit 


Figure  n°  3.1 


LORIENT  89  le  27/09 


CALCUL  OES  .HAUTEURS  DE  CONDUIT 

Modala  Bulk-CELAR  . 

Modala  EUAP  <N0SC)  . 


•  t*io*phir*  instable 
attiosphfire  stable 


Oonnevs  a  3  0Hz 


Figure  n°  3,2 


NTA6C  DC  TCt® S 
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CAMPAGNE  DE  LORIENT  1989 

Probability  cunul 6*  d*s  part**  do  propagation  R«(uri»t 
-pour  ia  period*  du  20/03  au  13/12/09 

-  3  GHz  - JO.  5  GHz  -  36  GHz 


PCQICS  OC  PROPAGATION  <dG> 


CM9A8NC  DC  LORIENT  1909.  t  20/09  au  13/11 
fPCOODCC  :  3  OHz 

—  NOOCUSATiONS  PCPOI  *•  Sulk  CCLAR 
ICSUKS\ 

♦  „  *  traitonont  dot  cat  ttabltt  ot  Inttabltt 
oxcopt*  lot  .eat  d'infrarilraction,  do  pluio  ot  do  (aiblo  visibility 
.  '  Ndahra  rf.  w*l«uf «•  0437 


PC0JC3  OC  PROPAGATION  CdB> 


Figure  n°  4.1 


Figure  n°4.2 


CAHDAQNC  OC  L001CNT  1909  «  20/09  au  13/11 
ffiCQUCNCC  i  10.5  GHz 
—  HOOCU5ATIONS  PCPCfl  *  Bulk  CCLAQ 
-•  -  HCSUOC3 

.  traijooonl  dot  ca«  ttablot  01  inttablot 
oxcopt*  lac  ca*  d'inir  attract  ion,  d*  pluio  *i  do  (aiblo  vicibilno 
Noobr#  do  valourtt  443? 


PfQTCS  OC  PROPAGATION  <dG> 


CAMPAONC  OC  LODICNT  1909  i  20/09  au  13/11 
fDCOUCNCC  »  36  GHz 

—  HOOClt  SAT  JONS  PCPCH  *  Bulk  CCLAR 
HCSUCCS 

traitonont  dot  cat  tiablot  •(  inttablti 
oxcopto  lot  cat  d'lnlraryfracnon,  do  pluio  ot  do  (aiblo  visibility 
Noabro  do  valourti  4133 


PCRIC9  OC  PROPAGATION  (dB> 


Figure  n°  4J 


Figure  n°  4.4 


CAHPAGNC  DC  LOQICNT  1969  (  20/09  au  13/11 
rOCOUCNCC  i  10.5  GHz 

—  nOCtllSATfONS  PCPCK  *  HC  d*dul«  du  3  6Hz 
— -  HC9URCS 


traitonont  dot  cat  ttablot  ot  inttablot 
oxcopt*  lot  cat  d'wlrarflractipn,  da  pluio  ot  do  (aiblo  visibility 
Noobro  do  valourti  4551 


PCRICS  OC  P&CPAGAflON  (d0> 


Figure  n°  4.5 


CANPAGNC  OC  LORICNT  1969  I  20/09  au  13/11 
TfiCOUCNCC  i,  36  GHz 

—  NOOCUSATJONS  PCPCN  *  HC  dtdull  du  3  GHz 
— -  NC SUCtS 


,  .  traitonont  dot  cat  ttablot  ol  inttablot 
oxcopto  lot  cat  d'inlrarolraciton,  do  pluio  ot  do  (aiblo  visibility 
Noab/o  do  valourti  4512 


PCRTC9  OC  PROPAGATION  <d0> 


Figure  n°  4.6 


PROFILS  VERTICAL!  X  le  17/07/90 


Donnies  de  bouie  t  Tal  r  *21  • '4°C 
Tmer *22.  6®C 
H  r  e  1  *  8  4 /C 
U#nt >*  2.  2m/s 


./ /U//9U  exp.  n°  2 

Mtsurt  evec  bouie  1  -3.  4  m  r  + 
M»surt  evec  sondes  ventil.  :  * 

Hauteur  de  conduit*  5.  1m 
(ou  4.  3m  ou  5.  9iO 


Ultesse  du  vent  < *✓*> 


1 ndl c#  H 


Figure  n°  5.1 

PROFILS  UERTICAUX  le  23/08/90  exp.  n°  5 


Donnies  de  bouie  i Tel r *24. 8° C 
Tmer-24. 3«C 
Hr  el  ■  67* 
Uent  *  5.  3a»/,s 


...i\ 

1  jo.i  t  a[r-  o.  ?  °c 

A . ! . i . 

1 

1  1 

”T 
. i 

j  j 

1 

r  1  j 

£ _ 1 _ i _ 

23  2 

4 

26  26  27  2 

Mtsure  evec  bouie  i  3.  4  n  i  + 
eesure  evec  sondes  vent  1 1 .  i  * 

Hauteur  de  condut t *1 8. 5m 
(ou  16.  2m  ou  21 . 2m) 

"[ - \\  3.0, 


•L  L 


Te.pfr.tur.  <*C> 


60  70 

Hunldit*  r.lativ.  ( 5» 


0.1  jt  *ij 

:  [  J 

f  0 .  j  2 

J . 

J . 

. ; . 1j/J 

j 

1  jf 

_ i _ 

JlLfl 

•  — } . j— 

TiT'Vf 


Dejl  t  aH*  i,  7  H 


2.  5  5  7.5 

Ultesse  du  vent  Cm /*) 


350  360 

Indies  n 


Figure  n°  52 
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DISCUSSION 


C.  GOUTELARD 

Vous  constatez  sur  la  liaison  effcctude  a  Toulon  les  effets  d'inhomogdnejte.  Un  orateur  precedent  a  signald  au 
contraire  un  homogdneite  remarquable  sur  la  liaison  qu’il  a  etudid.  Pouvez-vous  commenter  ceite  difference  apparcnte? 
You  say  that  you  noted  inhomogeneity  effects  on  the  link  in  Toulon.  On  the  contrary ,  a  previous  speaker  found 
remarkable  homogeneity  on  th .  'ink  he  designed.  How  do  you  explain  this  apparent  difference? 

AUTHOR’S  REPLY 

C’est  du  fait  de  la  proximitd  immediate  de  la  c8te  et  de  la  pdriode  de  mesure  (did)  que  les  liaisons  mises  en  oeuvre  it 
Toulon  peuvent  presenter  de  fortes  inhomogeneites.  C'est  en  particular  Ic  cas  par  temps  calme  et  ensoleilld  oil  les 
vents  Iocaux  sont  gdndrds  par  le  phdnomdne  de  brise  cfllidre.  En  bordure  d’ocdan  atlantique,  les  vents  ont,  durant  un 
fort  pourccntage  du  temps  un  regime  bicn  etabli  et  cela  contribue  de  fait  it  homogdndiscr  les  liaisons. 

The  links  set  up  at  Toulon  showed  such  marked  Inhomogeneity  effects  because  of  the  immediate  proxinuty  of  the  coast 
and  the  season  during  which  the  measurement  was  carried  out  (summer).  This  Is  particularly  the  case  In  calm,  sunny 
weather,  when  local  winds  are  generated  by  the  phenomenon  of  coastal  breeze.  For  a  high  percentage  of  the  time,  the 
winds  around  the  edge  of  the  Atlantic  ocean  are  steady,  which  helps  make  the  links  homogeneous. 

C.  GOUTELARD 

Ne  pcnscz-vous  pas  quc  la  gammc  de  mesurcs  n’est  pas  la  raison  -  d'aillcurs  ndccssairc  -  de  mise  en  evidence  dcs 
inhomogeneites  qui  demcurcnt  invisibles  dans  des  mesutes  trap  rudimentaires? 

Don't  you  think  that  the  measurement  range  Is  the  necessary  reason,  that  inhomogeneities  show  tip  which  are  not 
observed  In  other,  more  rudimentary  measurements? 

AUTHOR’S  REPLY 

J’ai  preseme  de  deux  famous  distinctcs  le  rdsultat  des  analyses:  une  forme  statistique,  moyennant  1'cnscmblc  dcs 
evincmcnts  rencontres  et  une  forme  tcmporelle.  mettant  en  evidence  les  incidents  de  propagation.  Grice  h  1’utilisalion 
simultande  de  plusicurs  canaux  (ccmimetriqucs  et  millimetriqucs).  la  probability  de  mclirc  en  evidence  dcs  situations 
d'inhomogeneite  augmcntc.  On  Ic  voil  nettement  le  17  juillet  oil  les  deans  mesurc-modeiisation  different  fonement 
scion  la  frequence. 

/  have  presented  the  results  of  the  analyses  in  two  seperate  ways:  one  In  statistical  form,  averaging  all  the  events 
which  occurred  and  the  other  in  temporal  foim,  showing  the  propagation  incidents.  Thanks  to  the  simultaneous  use  of 
several  channels  (centimetre  and  millimetre)  the  probability  of  delecting  Inhomogeneity  situations  increases.  Wc  can 
see  this  quite  clearly  on  17  July,  where  measurement/modelling  deviation  differs  considerably  depending  on  frequency. 


K.  ANDERSON 

Your  Lorient  measurements  are  similar  to  my  measurements  in  San  Diego,  which  indicate  that  the  atmosphere  is  horizontally 
homogeneous.  The  Toulon  measurements  seem  to  be  similar  to  APL 's  experience.  In  San  Diego,  we  generally  have  onshore 
winds.  At  APL,  they  generally  have  winds  from  the  land.  Can  you  comment? 


AUTHOR’S  REPLY 

En  effet,  1  homogdndite  des  liaisons  est  certainemcnt  lide  h  la  situation  gdographique  de  la  liaison.  Lorsque  celle-ci 
s  cffcctue  sur  un  site  oil  les  vents  dominants  viennent  de  1’ocdan,  les  conditions  d’homogendild  out  plus  de  chance  de 
se  voir  verifier.  En  revanche  lorsque  les  vents  dominants  sont  d’origine  locale,  les  inhomogdudites  peuvent  dire  fortes. 

Je  prdcise  toutefois  que  je  n’ai  prdsentd  que  deux  exemples  particulars  de  la  campagne  de  Toulon.  En  effet  il  existe 
aussi  durant  cette  campagne  des  vents  forts  avec  une  direction  bien  dtablie.  11  faut  done  attendre  1'analyse  complete 
des  rdsultats  pour  pouvoir  apptdcier  1’effet  des  inhomogdneitds  sur  les  statistiques  globules. 

/  agree,  homogeneity  is  certainly  tied  to  the  geographical  situation  of  the  link.  When  it  is  established  on  a  site  where 
the  prevailing  winds  are  from  the  ocean  there  is  more  likelihood  of  homogeneous  conditions.  Where  the  prevailing 
winds  are  of  local  origin,  however,  there  may  be  a  strong  inhomogeneity. 

I  would  however  stress  that  /  only  presented  two  specific  examples  from  the  Toulon  project.  In  fact,  strong  winds  from 
a  well  established  direction  were  encountered  during  the  measurement  period,  so  we  must  wait  for  a  complete  analysis 
of  all  the  results  in  order  to  assess  the  effects  of  inhomogeneities  on  the  overall  statistics. 
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Abstract.  -  The  aim  in  this  study  is  to 
consider  the  possibility  to  identify  the 
evaporation  duct  parameters  from  a  flu¬ 
ctuations  analysis  of  a  near  the  horizon 
satellite-ship  path.  The  latter  is  split 
in  two  different  parts  and  reciprocity 
is  applied.  Thus  we  get  two  different 
field  distributions  on  a  connecting 
interface  which  has  to  be  suitable  for  a 
good  calculation  of  the  coupling  between 
both  of  them. 

Then,  the  model  is  used  with  the 
intention  of  evaluating  the  fluctuations 
of  the  received  signal  due  to  the 
movement  of  the  satellite  and  their  sen- 
sivity  to  the  parameters  of  the  propa¬ 
gation  medium:  sea  roughness,  height  and 
strength  of  the  evaporation  duct, 
presence  of  horizontal  gradients  in  the 
refractive  index  distribution.  Obvious¬ 
ly,  sensivity  to  these  parameters  is 
examined  for  several  values  of  the 
frequency. 

i.  jmimim 

Le  conduit  d' evaporation  designe  la 
couche  limite  presque  toujours  presente 
a  la  surface  des  oc6ans,  dans  laquelle 
la  teneur  en  vapeur  d'eau  est  forte,  du 
fait  de  1 1 evaporation,  mais  decroit 
rapidement  avec  1' altitude.  Aussi,  si  sa 
hauteur  hd  depend  des  conditions  m6t6o- 
rologiques  du  moment,  elle  n'excede  que 
tr£s  rarement  30  metres. 

N6anmoins,  le  conduit  d' evaporation 
peut  engendrer  un  allongement  important 
de  la  port4e  basse  altitude  des  systemes 
electromagnet iques  embarques  sur  les 
navires,  mais  egalement  une  modification 
sensible  de  leur  diagramme  de  rayon- 
nement .  C’est  pourquoi  la  connaissance 
precise,  a  tout  instant,  de  ses  caracte- 
ristiques  est  essentielle  pour  une  bonne 
utilisation  de  ces  moyens  embarques. 


Si  les  effets  du  conduit  d' evaporation 
sur  une  liaison  point  a  point,  au 
voisinage  de  la  surface  de  la  mer,  sont 
bien  connus,  il  n'y  est  fait  que  tr£s 
rarement  allusion  dans  l'analyse  d'une 
liaison  satellite-navire .  Pourtant,  si 
l'angle  de  site  de  celle-ci  est  tr6s 
faible,  typiquement  inf6rieur  au  degr6, 
1' influence  du  conduit  sur  les  fluctu¬ 
ations  du  signal  re?u  sur  le  navire  peut 
etre  non  negligeable. 

L‘6tude  consiste  alors  a  mod61iser  et 
a  analyser  ces  fluctuations  temporelles, 
dans  le  but  d'examiner  si  il  existe  une 
d6pendance  entre  celles-ci  et  les 
caract6ristiques  du  conduit  d' evapora¬ 
tion.  La  procedure  de  caract6risation 
propos6e  ne  n6cessite  pas  d'apport  logi- 
stique  suppl6mentaire  car  les  liaisons 
entre  satellites  a  defilement  et  navires 
existent  d6ja  ou  sont  amen6es  a  se 
d6velopper  consid6rablement .  En  cela, 
elle  se  distingue  des  methodes  qui, 
reposant  sur  la  mesure  de  parametres 
m6teorologiques  et  l'emploi  d'un  modeie 
de  couche  limite  atmosph6rlque,  se 
heurtent  a  1 'incertitude  des  mesures  et 
aux  lacunes  des  moddles  dans  les  cas 
d'atmosphere  stable  (  Ta^r  >  Tmer  ).  En 
outre,  celles-ci  supposent  implicitement 
que  la  couche  limite  est  stratifi6e 
horizontalement,  ce  qui  n'est  pas  le  cas 
a  priori  de  la  m6thode  etudi6e  ici. 

Une  etude  bas6e  sur  le  m§me  princpe  de 
base,  mais  exclusivement  exp6rimentale, 
a  et6  men6e  au  N.O.S.C.  il  y  a  quelques 
ann6es  (1J.  Notre  but  est  d'y  apporter 
des  critiques  et  6ventuellement  des 
ameliorations,  au  plan  theorique. 


Bien  que  le  domaine  d' influence  du 
conduit  d' Evaporation  sur  le  profil 
d' indice  de  refraction  ait  une  hauteur 
Egale  E  5  ou  10  fois  hd,  seule 
1'extremitE  infErieure  de  la  Haisori 
satellite-navire  en  subit  les  effets.  De 
plus,  il  est  irrEaliste,  du  point  de  vue 
temps  de  calcul,  de  vouloir  modEliser  la 
liaison  avec  le  meme  maillage,  dans  son 
intEgralitE.  C'est  pourquoi,  il  est 
nEcessaire  de  dEcouper  le  trajet  de 
propagation  en  deux  parties, 

Entre  1’ Emission  E  partir  du  satellite 
et  le  sommet  du  domaine  d' influence  du 
conduit  d' Evaporation,  les  effets  iono- 
sphEriques,  l’absorption  et  la  scintil¬ 
lation  sont  nEgligEs,  essentiellement  en 
raison  de  l'intervalle  de  frEquences 
retenu  (1, 0GHz,  18,  0G1  z]  .  Si,  en  outre, 
il  est  admis  que  le  front  d'onde  lssu  du 
satellite  n'est  pas  dEformE  par  la 
rEfraction  E  grande  Echelle,  cette 
premiEre  partie  du  trajet  est  calculEe 
en  espace  libre  et  l'onde  incidente  est 
supposEe  plane  comme  si  le  satellite 
Etait  E  1'infini. 

Dans  la  seconde  partie  de  la  liaison, 
entre  1‘ interface  de  raccorderaent 
interposEe  de  raniEre  implicite  et  le 
navire,  les  effets  dus  aux  gradients 
horizontal  et  vertical  de  l'lndice  de 
rEfraction  prEdominent.  Nous  prenons  en 
compte  Egaleroent  la  rugositE  de  la  mer 
due  au  vent  quasi  permanent  en  milieu 
marin. 

2.2  Les  bases  phvsioues  et  thEorlgues 

Si  la  propagation  entre  le  satellite 
et  l'interface  fictive  se  calcule 
aisEment  par  I'optique  gEomEtrique,  la 
prEsence  du  conduit  d'Evaporation 
nEcessite  le  recours  aux  Equations  de 
Maxwell  en  milieu  inhomogEne  pour  le 
calcul  de  la  seconde  partie  du  trajet. 
Alors,  1' Equation  de  propagation  est 
donnEe  par: 

2  2  l 

(  V  E  +  Jc5  E  )  i  grad{  —  E  .  grad  E  )  »  0  (  1  ) 

e 


A  partir  de  (1),  il  vient  alors  une 
Equation  aux  dErivEes  partielles  de  type 
elliptique  dElicate  E  rEsoudre  numEri- 
quement.  C’est  pourquoi,  le  champ  est 

divisE  par  la  solution  de  1' Equation 
d'Helmoltz  en  espace  libre,  bidimension- 
nelle,  pour  donner  le  potentiel  de 
Bremmer  U  dont  les  variations  sont 

lentes;  d'ou  la  disparition  du  terme 

"d'ellipticitE"  dans  (1).  Enfin,  pour 
des  distances  E  la  source  supErieures  E 
100  X,  un  terme  supplEmentaire  disparalt 
de  1 'Equation  aux  dErivEes  partielles  et 
il  ne  reste  que: 

3*U  3U  2  2 

—  +  2jk0  j-  +  k„  (m  (h,s)-l)  U  -  0  (  2  ) 

3h 


Cette  nouvelle  Equation  est  du  type 
parabolique.  Ainsi,  sa  rEsolution  entiE- 
rement  numErique  est  plus  aisEe. 

L'hypothEse  principale  qui  permet 
d'obtenir  (2)  est  la  suivante: 


d2v 

|3u 

3s2 

<<  2k°!3s 

V.A.  FOCK  (2)  a  dEmontrE  que  (3)  est 
vErifiEe  pour  une  propagation  E  I'intE- 
rieur  d'un  cone  de  demi-angi*  au  sommet 
infErieur  E  20°;  c'est  done,  en  quelque 
sorte,  une  hypothEse  large  de  paraxia- 
litE . 

2.3  Lsa-.cpj3diit.iQns  aux._llml.tas. 

A  la  limite  supErieure  du  domaine,  la 
condition  aux  limites  est  une  condition 
de  rayonnement  E  1'infini  (  condition  de 
Sommerfeld  )  : 


A  la  limite  de  la  mer,  la  condition  la 
plus  gEnErale  s'Ecrit: 


Pour  des  distances  E  l'Emetteur 
courtes,  il  est  avantageux  d'utiliser  le 
modEle  de  Terre  plane.  Par  ailleurs, 
I'hypothEse  d'invariance  du  milieu  par 
rapport  E  un  axe  vertical  passant  par 
l'Emetteur  rend  le  problEme  bidimen- 
sionnel,  pour  lequel  le  systEme  de  coor- 
donnEes  cylindriques  (h,s)  est  utilisE: 

-  h  :  hauteur  par  rapport  E  la  surface 
de  la  mer. 

-  s  :  abscisse  curviligne  le  long  de 
la  Terre. 


3(A 

5T  +  «  Who  =  0  (  5  ) 

ull4*o 

I.a  valeur  de  a  dEpend  de  la  polari¬ 
sation  utilisEe: 


-  es  dEsigne  la  permittivitE  complexe 
de  1 'eau  de  mer. 
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(6)  n'est  en  fait  qu'une  approximation 
valable  si  |£sl  >>  i  ce  qui  est  bien  ie 
cas  de  l'eau  de  mer  aux  frequences 
etudi6es-; 

Dans  le  cas  d’une  mer  parfaitement 
conductrice,  (5)  donne  une  condition 
simplifi6e  pour  les  deux  cas 
fondamentaux  de  polarisation  rect'ligne 
car  |  £s  I  +»»  : 


l)M  =  0  en  polar.  H  ,  j-  =  0  en  polar.  V  (  7  ) 


Essentiellement  pour  sa  stability  et 
pour  son  exigence  moins  forte  en  temps 
de  calc.il,  la  methode  "Split-Step 
Fourier"  (3)  est  retenue.  Elle  fait 
appel  &  la  transformation  de  Fourier 
directe  et  inverse,  obtenues  num6ri- 
quement  par  F.F.T.,  et  conduit  A  l'ecri- 
ture  d'une  relation  r6currente  qui 
permet  de  calculer  la  solution  e 
l'abscisse  s+Ss  a  partir  de  la  solution 
a  l'abscisse  s  :• 


jt»5s(i  ih,  j)-!)  t= 

-  ,  I  2  2 

U(h,s*5s)  =  e  T.F.le  T.F.|U|h,s)|  (8) 


p  =>  kg  siny  ,  V:  angle  entre  le  vecteur 
d'onde  k  et  1 'horizontale  locale;  p 
n'est  autre  que  la  variable  duale  de  h 
pour  la  transformation  de  Fourier. 

Pour  initialiser  (8),  notre  choix 
s'est  porte  sur  la  donnee  £  s=0  d'une 
repartition  d'amplitude  gaussienne  dans 
l'espace  direct  des  h,  dont  on  peut 
moduler  l'6cart-type  pour  fixer  1' angle 
d'ouverture  A  3dB,  Gj,  de  1'antenne  de 
reception  embarquee  sur  le  navire. 


L’emploi  de  la  F.F.T.  entraine  1'annu- 
lation  de  U  pour  les  valeurs  de  h 
superieures  e  une  limite  :  hmax  et  fait 
apparaitre  alors  des  reflexions  parasi¬ 
tes  qui  peuvent  fausser  les  valeurs  du 
champ  meme  e  la  surface  de  la  mer. 

Pour  amortir  ces  reflexions  parasites, 
la  m6thode  la  plus  simple  mais  neanmoins 
efficace  consiste  &  dissiper  une  bonne 


,partie  de  l’energie  qui  se  propage  vers 
les  valeurs  croissant’es  de  h,.  en 
intercalaht  une  fonction  d'apodi'sation 
entre  h=hmax  et  h=l, S.hmax.  Le  domaine 
de  calcul.  des  F.F.T.  est  done  [0, 
l,5.hmax],  mais  la  solution  calcuiee 
n'est  valable  que  jusqu’e  hmax. 

A  la  surface  de  la  mer,  le  cas 
parfaitement  conducteur  trouve  une 
solution  simplifi6e  dans  l'emploi  d'une 
source  image.  En"  pratique,  1' Equation 
parabolique  est  done  r6solue  sur 
l’ihtervalle  (“l/S.hgjgjj^jS.h^x]  et  la 
solution  U(h,s>  y  est  impaire  ou  paire 
seloh  l'etat  de  polarisation  rectiligne 
fondamental  retenu. 

•Si  la  mer  n'est  pas  parfaitement 
conductrice,  la  solution  est  une  combi- 
naisor.  iinbaire  des  solutions  impaires 
et  paires  cit6es  pr6c6demment  car  (5) 
est  elle-meme  une  combinaison  lin6aire 
des  conditions  (7) ,  Cependant,  comrae  la 
condition  (5)  n'est  pas  propag6e  par 
1 'equation  parabolique,  les  coefficients 
de  la  combinaison  lin6aire  doivent  gtre 
recalculds  &  chaque  6tape  de  la 
recurrence  (4). 

Le  module  utilise  dans  le  cas  d'une 
mer  rugueuse  est  caracterise  par  un 
parametre  unique,  ah,  la  hauteur  quadra- 
tique  moyenne  des  vagues  soulevees  par 
le  vent.  La  diffusion  sur  les  rugosit6s 
se  traduit  par  un  affaiblissement  de  la 
reflexion  speculaire.  Par  consequent,  un 
coefficient  de  reflexion  modifie  est  mis 
en  oeuvre  dont  1 'expression  est  conforme 
au  modeie  d6crit  par  MILLER  £  al.  (5). 


Dans  la  direction  verticale,  la  deter¬ 
mination  de  8h  repose  sur  le  theorbme 
d'echantillonnage  (  Shannon  ) .  Sa  valeur 
depend  alors  de  la  valeur  maximaie  wmax 

de  1' angle  entre  la  direction  de  propa¬ 
gation  et  1 'horizontale  locale  que  1'on 
souhaite  prendre  en  compte,  done  aussi 
de  l'ouverture  A  3dB  de  1'antenne  situ6e 
sur  le  navire. 

De  la  valeur  du  pas  horizontal,  5s, 
depend  la  valeur  de  l'erreur  commise 
dans  la  mise  en  oeuvre  de  l'algorithme 
"Split-Step  Fourier”.  Le  choix  de  8s  est 
dicte  alors  par  le  niveau  d'erreur 
tol6re  dans  la  resolution  de  1' equation 
parabolique. 


7,»*-  'I 

-'V'f 
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Le  logiciel,  elabore  sur  les  bsses 
theoricues  et  numericues  citees  pr6ce- 
de=ent,  a  6te  valide  avec  secces  [6], 
par  ccmparaiscn  avec  HLAYER  {7]  d'une 
pare,  avec  PC?  EH  {3}  d'aacre  part. 


4.  7~  "SCTFfiR  DR  conPT-a.GS  :  3£SSS 
SgBBIgiSS 

4.1  Definition  du  facteur  de  couaiace 


?:  esc  u:i  facteur  de  norsation  explici¬ 
ts  plus  loin  (  pa rag raphe  5  ) . 

L‘  ir.egaiite  de  Schwartz  pertset  de 
najorer  yc  par  une  valeur  maximale  cbte- 
r.ue  si  £j  est  associee  aussi  k  une  onde 
plane  cui  a  le  mere  vecteur  d’onde  cue 
1 ’onde  issue  du  satellite.  yc  caracte- 

rise  done  la  desadaptation  de  I’onde 
issue  du  navire  par  rapport  &  ce  cas 
ideal . 


Le  paracraphe  2  a  desontre  la  neces¬ 
sity  de  decouper  la  liaison  en  deux 
parties  qu’il  faut  done  raccorder. 

Puisque  le  front  d’onde  issu  du 
satellite  esc  plan,  il  semble  naturel  de 
c'noisir  une  interface  plane,  reduite  k 
une  droite  pour  le  probltee  2D  traite. 
Comme,  en  outre,  la  resolution  de 
l’£quation  parabolique  fournit  le  chan? 
sur  des  verticales  k  la  surface  de  la 
mer,  l'idee  la  plus  simple  consiste  k 
choisir  une  d'entre  elles,  k  l'abscisse 
s=sg  (  figure  1  )  . 

Sur  celle-ci,  I'onde  plane  issue  du 
satellite  donne  une  repartition  de  champ 
Sjih.sg)  equiaraplitude  et  k  gradient  de 
phase  constant.  Par  ailleurs,  le  prin- 
cipe  de  reciprocity  permet  de  remplacer 
le  rec  pteur  du  navire  par  un  emetteur 
fictif.  De  ce  fait,  on  obtient  sur  la 
raeme  verticale  une  repartition  EiOi.sq) 
provenant  de  la  resolution  de  1' equation 
parabolique. 

L'etape  suivante  consiste  k  d6finir  un 
lien  physique  entre  les  deux  parties  de 
la  liaison,  e'est  k  dire  k  evaluer  le 
couplage,  en  termes  de  puissance  trans- 
mise,  entre  l'espace  lib^e  et  la  propa¬ 
gation  guidee.  Par  reference  k  la 
th6orie  de  l'antenne  en  reception  {9], 
on  montre  que  ce  couplage  est  directe- 
ment  lie  au  produit  de  correlation  des 
deux  repartitions  defini  par: 


<  E„E2  >  - 


E,(h,s0)  E2(h,s0)  dh 


<  9  ) 


Dans  la  pratique,  le  domaine  d‘ inte¬ 
gration  est  borne,  he  (hmin- ho  1  >  et  on 
considere  le  module  au  carre  de  (9)  pour 
assurer  1 'homogeneity  avec  une  puis¬ 
sance.  D'ou  1' expression  du  facteur  de 
couplage:  ,  .  ,2 


l<  Ej, Ej  >| 

ii 


E j (h - Sq)  Ej(h,s0)  dh 


(  10  ) 


4.2  Interpretation  ohvsicnje  de  V 

L'or.ce  issue  du  satellite  est  plane  et 
sa  direction  de  propagation  k  un  instant 
donne  forme  un  angle  ip  avec  l'fcori- 
zontale  locale  k  s=so.  Au  nunerateur  de 
(10),  on  voit  apparaitre  alors  1’expres- 


-Jk  -r(h) 

S,(h,s0)  e  ¥  dh  (  11  ) 

^ir. 

cui  n'est  autre  que  la  composante  selon 
ky  dans  le  spectre  angulaire  d'ondes 
planes  de  Ei(h,s0),  he  [hmin,h0J. 

D’autre  part,  si  Ej(h,SQ>  =  0  pour  h  < 
hmin  et  P°ur  h  -  h0>  1’ integrate  (11) 
peut  etre  etendue  k  [-<*>, +■»>)  et  on 
reconnait  la  transforrr.ee  de  Fourier  de 
Ei  (h,  sg)  - 

En  consequence,  yc  =  f  0|M  caracterise 
le  rayonnement  en  champ  lointain  de  la 
repartition  complexe  Ei(h,SQ),  et,  par 
suite,  1’ evolution  du  couplage  t*  I'onde 
qui  s' est  propag6e  dans  le  conduit 
d'evaporation  avec  le  satellite  suppose 
k  i'infini  et  qui  defile. 

raccordement 

-a-  Schema  equivalent  de  la  liaison 
(  figure  2  ) 

L'obtention  du  diagramme  de 
rayonnement  k  I'infini  de  Ei(h,SQ)  par 
transformation  de  Fourier  n'est  possible 
que  si  la  propagation  au-deie  de 
1’ interface  a  lieu  en  milieu  homogene, 
done  en  I'occurence  ici,  en  espace 
libre.  Par  consequent,  si  pour  s  <,  sg 
I'onde  se  propage  dans  le  milieu  vrai, 
celui-ci  est  remplace  par  l'espace  libre 
pour  s  >  Sq  . 
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o-  Determination  de  sg 

Dans  la  mesure  on  l’energie  associee 
k  Si(h,sg),  pour  he  Ihnin'^O- *  ne  sui>^t 
plus  les  effets  du  conduit  d'evaporation 
au-cela  de  1*  interface  de  raccordement, 
le  recours  au  schema  equivalent  de  la 
figure  2  est  justifie,  etant  donnies  les 
hypotheses  formuiees  au  2.1. 

Par  suite,  la  nethode  de  determi¬ 
nation  de  Sq  est  heuristicue  et  consiste 

a  rechercher  la  valeur  minimale  de  s 
au-dela  de  laqueile  le  diagramme  de 
rayonnement  a  l’infini  de  Si(ii,s)  est 
invariant.  La  recherche  de  la  valeur 
minimale  permet  une  economie  du  temps  de 
calcul  necessaire  a  la  resolution  de 
1 ’equation  parabolique,  partic  la  plus 
exiger.te  du  logiciel. 

-c-  Determination  de  hmin 

Le  schema  equivalent  de  la  figure  2 
montre  que  3 ■ interposition  de  1’ inter¬ 
face  de  raccordement  k  s=s g  entraine  une 
"coupure"  du  conduit  d’6vaporation, 
comme  si,  subitement,  sa  hauteur  passait 
de  la  valeur  vraie  hd  k  hman.  Par  suite, 
pour  s  >  Sq ,  l’energie  comprise  entre 
hmin  et  est  propag6e  en  espace  libre. 

Or,  si  h  <  hd,  les  gradients  verti- 
caux  de  l’indice  de  refraction, 
inferieurs  k  -157  unite-N/km,  tendent  e 
infiechir  les  directions  qui  pointent 
vers  le  ciel  vers  la  surface  de  la  mer. 
En  consequence,  on  peut  prevoir  que 
seule  une  partie  de  l’6nergie  correspon- 
dante,  fuit  ef fectivement  vers  les 
altitudes  croissantes.  Par  contre,  si 
h  >  hd,  les  directions  qui  pointent  vers 
le  ciel  ne  retourneront  pas  vers  la 
Terre  car  les  gradients  verticaux  de 
1’ indice  de  refraction  y  sont  superieurs 
k  -157  unit6-N/km. 

En  conclusion,  le  choix  de  hp,^n  -  hd 
est  suffisant  pour  garantir  que  l’6ner- 
gie  prise  en  compte  est  reellement 
susceptible  de  se  coupler  avec  l’onde 
issue  du  satellite.  C’est  une  condition 
suffisante  qui  n’est  cependant  pas 
forc6ment  n6cessaire  car  1’ interface 
superieure  du  conduit  est  floue. 


directions  ce  propagation  situees 
au-dessus  de  1 ’horizontale  locale.  Par 
consequent,  la  limite  inferieure  de  va¬ 
lidite  de  la  courbe  yc  =  f(ip)  est  ip  =  0 
(  figure  3  ) . 

Cependant,  il  est  interessant  de 
referencer  les  angles  par  rapport  k  une 
direction  fixe,  independante  de  la 
position  de  1* interface  de  raccordement. 
Le  choix  le  plus  naturel  pour  celle-ci 
correspond  k  1 ’horizon  radioelectrique 
relatif  a  1’antenne  de  reception  du 
navire.  On  definit  par  rapport  k  ce 
dernier  1 ’angle  de  site  a  de  la  liaison 
relie  a  1 ’angle  ip  (  grandeur  locale  ) 


par: 

7t  s0  t  Ik. a 

a  =  —  +  ip - arctg  /  — — 

2  V  K.a  [J  2.hr 


(  12  ) 


ou  K  designe  le  rapport  entre  le  rayon 
terrestre  fictif  et  le  rayon  terrestre 
vrai;  K=4/3  pour  1 ’atmosphere  standard. 

Pour  sq  assez  grand,  a  est  n6gatif. 
Repousser  1’ interface  de  raccordement 
plus  loin  du  navire  permet  done 
d’analyser  la  liaison  lorsque  le 
satellite  est  sous  1 ’horizon  radioelec¬ 
trique  du  recepteur  au  sol. 

Pour  traiter  de  maniere  simplifi6e  la 
refraction  k  grande  6chelle  due  au 
gradient  moyen  de  1 ’atmosphere,  on 
remplace  done  la  Terre  vraie  par  une 
Terre  fictive  de  rayon  6gal  k  K  fois  le 
rayon  vrai.  Cependant,  tant.  que  ce 
gradient  moyen  reste  sup6rieur,  en 
valeur  algebrique,  k  -157  unite-N/km,  la 
Terre  reste  convexe  et  la  figure  3 
montre  clairement  alors  que  ia  valeur 
maximale  de  1 ’angle  Ct,  amax,  diminue 
avec  sq;  si  par  ailleurs  hg  est  cor.stan- 
te.  De  plus,  amax  croit  avec  h0  k  s0 
constante.  De  ce  fait,  le  choix  de  hg 
s’oriente  naturellement  vers  la  plus 
grande  valeur  admissible,  soit  ho=hmax, 
limite  superieure  du  domaine  de  validite 
de  la  solution  de  l’6quation 
parabolique.  De  cette  mani6re,  l’inter- 
valle  angulaire  oO  la  courbe  yc  =  f  (ip) 
est  valide  est  le  plus  large  possible. 


4.4  Domaine  de  validite  de  la  courbe 

yc_s_£iia 

Dans  l’hypothese  d’une  interface  de 
raccor  .emenc  k  s=sg,  et  parce  que  hmin 
est  choisi  6gal  k  hd,  le  facteur  de 
couplage  ne  prend  en  compte  que  les 


5.  LE  facteur  de  COUPLAGE  UTILISATION 

miictus 

5.1  Determination  du  dSnoniinatenr  N 

Il  s’agit  done  d’un  terme  dc  normation 
dont  1’ expression  est  la  suivante: 
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N  =  l<  E^Ej  >|2.|<  E0/E2  >|2  (  13  ) 


avec  |<  Ej  >| 


Sj)  .Cj  (h/ Sp)  <Jh 


{  H  ) 


Le  premier  terme  du  produit  (13) 
permet  de  modifier  la  valeur  de  sg  sans 
que  la  valeur  du  facteur  de  couplage 
subisse  les  effets  de  1 'affaiblissement 
de  Ei  par  propagation. 

Eg  est  obtenue  par  resolution  de 
l'equation  parabolique  en  espace  libre, 
en  absence  de  la  Terre,  et  caracterise 
done  le  rayonnement  de  1 ' eclairement 
initial  E^(h,s=0)  de  l'anonne  situ6e 
sur  le  navire.  Par  suite,  1 '  adjonction 
ae  (16)  au  d£nominateur  de  yc  permet  de 
s'affranchir  des  effets  de  pond6ration 
imputables  A  la  directivity  de  la 
source,  non  isotrope,  comme  si  le 
r6cepteur  du  navire  disposait  d'un 
syst£me  de  poursuite  du  satellite  qui 
defile. 


5.3  validation _ da _ la _ metii.ci.dfi _ du 

facteur  de  couplage 

Elle  consiste  A  comparer  le  champ  A 
l’infini  obtenu  par  la  methode  du 
facteur  de  couplage  £  une  coupe 
verticale  de  la  repartition  bidimension- 
nelle  de  champ  calcul£e  directement  par 
l’equation  parabolique,  ceci  le  plus 
loin  possible  du  navire.  Compte  tenu  des 
limitations  en  angle  de  site  la  coupe 
est  effectuee  £  sg=160km;  la  methode  de 
validation  retenue  est  illustr£e  £  la 
frequence  de  5,0  GHz,  pour  un  conduit 
d' evaporation  £  20m. 

La  figure  5,  sur  laquelle  figurent  les 
deux  repartitions  de  champ  auxquelles  il 
est  fait  allusion  ci-dessus,  montre  la 
superposition  des  extrema  £  0,2  mrd 
pr£s.  Au  vu  de  ces  faibles  6carts,  on 
peut  done  conclure  positivement  quant  £ 
la  validity  de  la  methode  du  facteur  de 
couplage . 


6.  IMEUIEMCE- DE .  LA..  EREOUEMCE..S.UR.-LE 
SJGMAL..RE.CU 


5.2  L,gs.-R.r.ohl.em,e^..-.c(£.-ti:QiKatiir.£ 

L '  integrate  qui  figure  au  numerateur 
de  Yc  est  calcul£e  sur  un  domaine  borne 
et  fait  done  apparaitre  une  troncature 
aux  deux  extremites  de  l'intervalle  oil 
Ejfh.sgJ/O;  celle-ci  engendre  des  oscil¬ 
lations  parasites,  connues  sous  le  nom 
de  phenom£ne  de  Gibbs . 

Une  solution  £  ce  probl£me  consiste  £ 
intercaler  une  fonction  d ' apodisation 
entre  h=hd  et  h=2.hd,  fonction  dont  la 
forme  optimis£e  est  la  fenetre  de 
Hamming.  II  en  resulte  que  la 
repartition  de  cnamp  E1(h,sg)  est  un  peu 
modifiee  pour  h€  (hd,2.hd]  et  que,  de 
ce  fait,  la  borne  inferieure  V^in  du 
domaine  de  validite  de  la  courbe  du 
facteur  de  couplage  augmente  sensi- 
blement.  Par  exenple,  sur  la  figure  4, 
on  rel£ve  »|/rn^n=l,54  mrd  pour  Sg“50km; 

par  contre  les  oscillations  de  Gibbs 
sont  tr£s  nettement  att£r.jees.  De  plus, 
pour  pallier  le  resserrement  du  domaine 
de  validite  du  facteur  de  couplage,  il 
suffit  d'effectuer  le  calcul  de  celui-ci 
pour  une  valeur  de  sg  plus  grande  La 
figure  4  propose  par  exemple  sg=75km 
voire  meme  sg=100km. 


La  methode  du  facteur  de  couplage  est 
utilis6e  desormais  pour  analyser  la 
liaison  satellite-navire  car,  en  effet, 
les  courbes  yc  “  f(V  ou  a)  repr6sentent 

directement  1' evolution  temporelle  du 
signal  recu  £  bord  du  navire  lorsque  le 
satellite  se  l£ve  ou  se  couche  £ 
1 'horizon . 

6.1  ChgiK-ries  frequences.,  d'.  etude 

Celles-ci  sont  au  nombre  de  trois: 

-  1.575  GHz  e'est  une  des  deux 
frequences  descendantes  utilisees  par  le 
syst£me  de  radiolocalisation  par  satel¬ 
lites  GPS-Navstar  qui  est  amene  £  avoir 
un  secteur  spatial  important  ainsi  qu'un 
grand  nombre  d'utilisateurs  dans  un 
futur  assez  proche. 

-  5.0  GHz  :  e'est  une  frequence  de  la 
bande  couramment  employee  par  les  r£pon- 
deurs  embarques  sur  satellite. 

-  0.4  0  GHz  :  la  bande  de  frequences 
concern6e  est  utilisee  par  les  radars 
de  detection.  En  outre,  dans  la  mesure 
ou  les  effets  du  conduit  d'evaporation 
s'amplifient  avec  la  frequence,  il  est 
interessant  d'inclure  dans  l'6tude  cette 
troisi£me  valeur  plus  forte. 
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|  6.2  BEsultats  obtenus 

,  A  1.575  GHz  (  figure  6  )  :  le  decalage 

des  quatre  courbes,  correspondant  E 
llatmosphEre  standard  et  A  trois  hau- 
j  teurs  de  conduit  dlffErentes,  est 
j  nettement  perceptible.  II  est  dfl  A 

1' inflexion  des  lobes  d’ interferences 
vers  la-. surf  ace  de  la  mer.  Canine  cette 
inflexion  est  plus  marquee  pour,  les 
directions  les  plus  inclinees  qui 
subissent  les  effets  du  conduit  sur  des 
distances  plus  grandes,  il  en  resulte  un 
;  decalage  des  courbes  d’autunt  plus  grand 
j  que  1 'angle  de  site  est  faible. 

;  En  comparant  la  position  du  premier 

maximum,  le  d6calage  de  la  courbe  rela- 
,  tive  au  conduit  E  26m  par  rapport  E 

celle  de  1' atmosphere  standard  peut  etre 
major6  par  2  mrd.  Cette  valeur  passe  A 
1  mrd  si  la  comparaison  des  deux  courbes 
porte  sur  le  premier  minimum;  la  fai- 
blesse  des  effets  du  conduit  d'Evapo- 
ration  E  1,575  GH2  se  confirme.  En 
outre,  il  semble  difficile  de  pouvoir 
donner  une  estimation  de  la  hauteur  du 
conduit,  meme  &  5  metres  prEs,  simple- 
ment  en  relevant  les  positions  relatives 
j  des  diffErents  extrema  du  signal  re?u. 

Cependant,  la  figure  6  montre  que 
1 '^valuation  du  niveau  de  signal  regu 
•  aux  sites  trEs  faibles  permet  de  discri- 

‘  miner  les  cas  de  propagation  traitEs 

ici.  En  effet,  pour  iji^O,  on  constate 
j  une  diffErence  voisine  de  20dB  entre  le 

I  conduit  E  26m  et  1'atmosphEre  standard. 

Cette  diffErence  vaut  encore  5dB  entre 
j  le  conduit  E  16m  et  le  conduit  E  10m.  Il 

semble  done  que  ce  soit  un  critEre  E 
prendre  en  compte  dans  la  procEdure  de 
caractErisation  du  milieu  de  propa¬ 
gation. 

A  9.40  GHz  (  figures  7,8  et9  )  :  il 

convient  de  prEciser  d'abord  que  les 

,  lobes  d' interfErences  sont  numErotEs  E 

i  partir  du  plus  inclinE,  lobe  n°l,  puis 

;  par  ordre  croissant  E  mesure  que  le  site 

1  augmente. 

!L' observation  de  la  figure  7,  qui 
correspond  E  un  conduit  E  40m,  montre 
g  que  les  lobes  n°l  et  n°2  sont 

•  entiErement  piEgEs  et  que  1'Energie 

4.  qu'ils  vEhiculent  se  propage  au  voisi- 

f  nage  de  la  surface  de  la  mer,  dans  la 

|  partie  du  conduit  que  l'on  peut 

\  qualifier  d'efficace.  Par  contre,  si 

/  1' inflexion  du  lobe  n°3  est  trEs  nette, 

elle  est  insuffisante  pour  que  celui-ci 
('  soit  entiErement  piEgE  et  une  partie  de 

'  l’Energle  qui  lui  est  associEe  fuit  hors 

du  conduit  pour  rayonner  vers  les 

-  altitudes  croissantes. 
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Sur  la  courbe  du  couplage  (  figure  9  ) 
les  lobes  n°l  et  n°2  ne  figurent  pas  car 
ils  ne  sont  pas  pris  en  compte.  Par 
contre,  la  partie  non  piEgEe  du  lobe  n°3 
se  retrouve  dans  le  premier  maximum, 
plus  large  que  les  suivants. 

Dans  le  cas  oil  hd=10m  (  figure  8  ), 
aucun  lobe  n’est  entiErement  piEgE  d’oE 
1' absence  de  "couche"  de  forte  Energie 
parallEle  E  la  surface  de  la  mer, 
NEanmoins,  la  forme  du  lobe  n°l  suggEre 
qu'une  partie  de  son  Energie  est  guidEe 
et  montre  clairement  alors  l'Elargis- 
sement  de  celui-ci.  Sur  la  courbe  du 
couplage  relative  E  ce  conduit  E  10m 
<  figure  9  ) ,  on  observe  E  nouveau  un 
premier  maximum  large;  la  remarque 
formulEe  ci-dessus  est  done  EtayEe. 

Quoi  qu'il  en  soit,  la  meme  figure  9 
montre  que  les  deux  premiers  maxima  et 
les  deux  premiers  minima  sont  presque 
confondus  de  sorte  qu'il  est  impossible 
d'y  discerner  le  conduit  E  10m  du 
conduit  E  40m.  L'analyse  effectuEe  E 
9,40  GHz  aEmontre  done  que  le  surplus  de 
suprarEfraction  engendrE  par  un  conduit 
fort  peut  conduire  E  une  confusion 
partielle  de  celui-ci  avec  un  conduit 
faible  de  par  la  superposition  de  lobes 
d'ordres  diffErents.  Toutefois,  il  est 
possible  de  lever  cette  ambigilitE  car 
les  seconds  minima,  par  exemple,  se 
distiguent  nettement. 

La  comparaison  des  courbes  de  couplage 
relatives  E  hd»20m  et  E  hd“40m  montre 
Egalement  une  confusion  partielle  au 
niveau  du  second  minimum.  Mais,  les  deux 
premiers  maxima  se  distinguent  nette¬ 
ment  . 


A  5.0  GHz  (  figure  10  )  :•  La 

comparaison  des  quatre  courbes  de 
couplage  montre  globaleinent  une  bonne 
sEparation  des  quatre  cas  de  propagation 
traitEs.  L'ambiguitE  observEe  E  9,40  GHz 
ne  se  retrouve  pas  ici,  car  les  effets 
du  conduit  d ' Evaporation  sont  moins 
marquEs.  Par  exemple,  si  1 ’ observation 
de  la  courbe  relative  E  hd=30m  montre 
que  le  lobe  n°l  est  piEgE,  elle  permet 
de  constater  que  le  lobe  n°2  n'est  pas 
suffisamment  inflEchi  vers  la  surface  de 
la  mer  pour  etre  confondu  avec  le  lobe 
n°l  de  1'atmosphEre  standard. 

Par  ailleurs,  le  dEcalage  des  courbes 
est  plus  sensible  qu'E  1,575  GHz.  Par 
exemple,  le  premier  minimum  relatif  E 
1'atmosphEre  standard  est  dEcalE  de 
1  mrd  par  rapport  au  premier  minimum 
associE  au  conduit  E  10m.  Ce  meme  Ecart 
s'ElEve  E  presque  2  mrd  si  la  compa¬ 
raison  porte  sur  les  conduits  E  10m  et  E 
20m.  Dans  le  cas  du  conduit  E  30m,  le 
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lobe  n°l,  piEgE,  n'est  pas  pris  en 
compte  de  sorte  que  l'on  ne  distingue 
que  deux  maxima  pour  <  14  mrd,  ce 
nombre  s'elevant  E  trois  pour  les  trois 
autres  cas  de  propagation. 

Par  consequent;  -la  frequence  de  5,0 
GHz  semble  trEs  favorable  pour  la 
caractErisation  de  conduits  de  hauteurs 
aussi  diffErentes  que  10,  20  et  30m, 
tant  la  diversity  des  informations  que 
l'on  peut  extraire  des  courbes  du 
facteur  de  couplage  est  importante.  De 
plus,  les  dEcalages  angulaires  constatEs 
sur  la  figure  10  permettent  de  prEvoir 
une  bonne  resolution  -  au  moins  5  metres 
-  dans  l'estimation  de  la  hauteur  du 
conduit . 

7.  IMEIiUEttCE-DES—EMAiM SIRES. , DU . .MILIEU.., D.S 


I, 'etude  param6trique  realis6e  E  5,0 
GHz  porte  sur  la  rugosite  de  la  mer 
ainsi  que  sur  1 'existence  de  gradients 
horizontaux  de  1' indice  de  refraction 
dans  le  conduit  d' evaporation. 

7.1  La  rugosite  de  la  mer  (figure  11) 

La  mod61e  utilise  est  le  modeie  4  un 
seul  parametre,  ah,  d6crit  au  3.2,  et 

1 '6tude  porte  sur  trois  valeurs  de  la 
vitesse  du  vent,  u,  auxquelles  corres¬ 
pondent  trois  valeurs  de  oh,  d'apres 
l'echelle  de  Douglas  : 

u  “  6  m.s-1  — »  «  0,23  u 
u  *>  10  m.s-1  -»  Oj,  "  0,61  m 
u  “  15  m.s~l  -»  °h  =  ^'53  m 

Dans  les  trois  cas,  hda30m,  car,  dans 
ce  cas,  le  lobe  n°l  est  piEgE. 

Pour  (T^  £  0.23  m  :•  la  coroparaison  avec 
le  cas  de  la  mer  lisse  montre  peu  de 
differences  si  ce  n’est  une  16gere  perte 
de  dynamique  entre  maxima  et  minima  due 
E  une  remontee  legere  de  ces  derniers, 
et  un  16ger  glisseraent  des  extrema  vers 
les  valeurs  de  ^  superieures. 

Pour  “■  0.  61 _ m  :  les  phEnomEnes 

decrits  ci-dessus  sont  fortement  accen- 
tu6s.  Les  creux  sont  beaucoup  moins 
profonds  et  ils  s  ’61argissent .  Ceci  est 
imputable  E  1 'affaiblissement  du  rayon 
refiechi  car  l'6nergie  incidente  est 
diffusee  par  les  rugosit6s  de  la  mer.  Le 
glissement  des  extrema  s'accentue  Egale- 
ment  et  le  couplage  augmente  pour  les 
valeurs  de  y  infErieures  E  2  mrd.  Cette 
derniEre  tendance  s’explique  par  l'appa- 
rition  de  fuites  hors  du  conduit  d'Eva- 
poration;  la  rugosite  de  la  mer  s 'oppose 
au  guidage  efficace  de  l'Eneraie. 


Pour  =  1 . 53  -m  :  les  phenomenes  dEj'E 

observes  s’accentuent  encore.  La  dynami¬ 
que  entre  creux  et  maxima  a  presque 
totalement  disparu  car  le  niveau  du 
rayon  refiechi  est  beaucoup  plus  faible 
que  celui  du  rayon  direct.  Par  ailleurs, 
le  glissement  des  extrema  est  important, 
mSme  s'il  s’attenue  &  mesure  que  1' angle 
de  site  croit.  Enfin,  on  peut  noter  une 
augmentation  sensible  du  couplage,  10  dB 
environ,  pour  les  faibles  valeurs  de  \j/, 
qui  traduit  une  fuite  d'Energie  impor¬ 
tante  en  dehors  du  conduit. 

En  conclusion,  la  rugosite  de  la  mer 
prEsente  des  aspects  positifs  car  le 
couplage  avec  le  satellite  est  renforcE 
aux  sites  faibles  par  1 'apparition  de 
fuites  E  1’extErieur  du  conduit  d'Evapo- 
ration.  Mais,  en  contrepartie,  les 
phEnomEnes  d'interfErences  sont  trEs 
nettement  attEnuEs  et  la  dynamique  du 
signal  regu  sur  le  navire  s'en  trouve 
trEs  affaiblie.  Si  l'on  ajoute  E  cela 
1 '  Elargissement  des  minima,  la  loca¬ 
lisation  de  ceux-ci  devient  trEs 
imprecise  et  meme  incertaine  si  du  bruit 
se  superpose  au  signal  utile.  Par  suite, 
1’intEret  de  la  mesure  du  niveau  de 
signal  re?u  aux  sites  trEs  faibles  est 
encore  renforcE;  la  procedure  de  carac¬ 
tErisation  du  conduit  d'Evaporation  ne 
doit  pas  dtre  focalisEe  exclusivement 
sur  la  localisation  absolue  ou  relative 
des  extrema,  mais  doit  intEgrer  Egale- 
ment  cet  autre  critEre  . 

PrEcisons  tout  de  mEme  que,  si  le  vent 
est  fort,  le  brassage  de  la  couche 
limite  est  important  et  le  conduit 
d' Evaporation  aura  une  hauteur  faible. 
La  coexistence  d'une  forte  rugosite  et 
d'un  conduit  fort  a  done  une  probabilitE 
peu  importante  de  se  presenter. 


7.2  is s , -gxadifinfca. -hQxizo.ntaux.-ite 


Si  1'hypothEse  d'homogEnEitE  horizon- 
tale  du  conduit  d' Evaporation  est 
communEment  admise  en  situation  dite  "de 
mer  ouverte",  e'ese  E  dire  au  large, 
elle  est  remise  an  cause  dEs  que  le 
bateau  est  asses,  proche  des  cotes  pour 
en  ressentir  l'influence.  II  est  trEs 
frEquent,  alors,  d'observer  des  gra¬ 
dients  horizontaux  de  1' indice  de  rEfra- 
ction,  consEquences  le  plus  souvent  de 
gradients  horizontaux  de  la  tempErature 
de  mer  et  de  la  tempErature  de  l'air. 

Les  deux  cas  simulEs  sont  "des  cas 
d'Ecole"  et  correspondent  E  un  conduit 
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initialement  A  20m  qui  voit  sa  hauteur 
croitre  jusqu'E  30m  sur  une  distance  de 
50  km,  ou  celle-ci  dEcroitre  de  10m  sur 
la  meme  distance. 

Sur  la  figure  12  sont  compares  ces 
deux  cas  de  propagation  avec  le  cas  du 
conduit  homogEne  A  20m.  Les  trois 
courbes  ne  se  superposent  pas,  surtout 
pour  les  directions  de  propagation  les 
plus  inclinEes.  Lorsque  hd  croit,  la 
suprarEfraction  s'amplifie  et  les  pre¬ 
miers  extrema  glissent  vers  les  va  leurs 
de  y  faibles.  Le  piEgeage  du  lobe  n°l 
est  Egalement  renforcE,  d'ou  une  dimi¬ 
nution  du  couplage  pour  ^  <  5  mrd. 
Lorsque  hd  dEcroit,  les  phEnomEnes 
s'inversent;  d'oE  une  augmentation  des 
fuites  d'Energie  hors  du  conduit 
perceptibles  sur  le  niveau  de  couplage 
aux  angles  de  site  faibles. 

Si  I'on  s'en  tient  E  la  localisation 
du  minimum  des  courbes  de  couplage  situE 
au  ''oisinage  de  5  mrd,  le  dEcalage 
angulaire  observE  n'excEde  pas  0,5  mrd 
dans  un  sens  comme  dans  1' autre.  Par 
consequent,  la  sensibilitE  £  l'inhomo- 
gEnEitE  horizontale  ne  semble  pas 
improtante,  d'autant  plus  que  celle-ci 
est  grande  en  proportion  puisqu'Egale  A 
50%  et  a  100%  de  la  valeur  de  hd. 

NEanmoins,  la  comparaison  des  niveaux 
de  couplage  pour  les  sites  faibles  (  \|f 
<  5  mrd  )  montre  des  differences 
marquees  entre  les  differents  cas  de 
propagation  et  permet  done  en  theorie  de 
les  discerner. 

L ' 6 tape  suivante  consiste  en  la 
comparaison  du  conduit  inhomogene  qui 
voit  sa  hauteur  croitre  de  20  A  30ra  avec 
le  conduit  homogene  A  22m  et  avec  le 
conduit  homogene  E  24m  (  figure  13  ) .  Si 
ce  dernier  est  trop  fort  pour  etre 
confondu  avec  le  conduit  inhomogene,  par 
contre  la  courbe  de  couplage  relative  au 
conduit  homogene  A  22m  se  superpose 
presque  parfaitement  avec  celle  du 
conduit  inhomogene,  pour  les  valeurs  de 
»{/  positives.  Cependant,  pour  les 
valeurs  negatives  de  y,  les  deux  ccur- 
bes  ne  coincident  plus,  traduction  de 
disparites  dans  le  bilan  d'energie 
rayonn6e  A  l'exterieur  du  conduit 
d' evaporation. 

De  nouveau,  done,  et  A  deux  reprises, 
est  mise  en  relief  1 ' importance  de  la 
mesu’-e  du  niveau  de  signal  regu  pour  les 
valeurs  tres  faibles  de  I'angle  de  site, 
e'est  A.  dire  lorsque  le  satellite  se 
situe  au  voisinaqe  de  l'horizon  radio- 
Electrique  du  rEcepteur  embarquE  sur  le 
navire,  voire  meme  en-dessoas  de  cette 
direction . 


8.  CONCLUSION 


Dans  cette  etude  de  ia  caractensatron 
radioElectrique  du  conduit  d' Evapora¬ 
tion,  1'intEret  de  la  mEthode  du  facteur 
de  couplage  a  EtE  dEmontrE:  celle-ci 
consiste  en  fait  A  utiliser  le  plus 
possible  l’absence  d'influence  du 
conduit  d’ Evaporation  sur  une  grande 
partie  de  la  liaison  satellite-navire 
pour  la  remplacer  par  une  propagation  en 
espace  libre.  Alors,  le  facteur  de 
couplage  permet  de  repErer  la  distance 
minimale  Sq  A  partir  de  laquelle  cette 
hypothEse  est  vErifiEe. 

En  ce  qui  concerne  la  caractErisation 
du  conduit  d'Evaporation,  1'adEquation 
de  la  bande  des  5  GHz  pour  discriminer 
des  conduits  de  hauteurs  trEs 
diffErentes  a  EtE  dEmontrEe.  L'utili- 
sation  d’une  telle  valeur  de  la  frE- 
quence  permet  done,  de  reconnaitre 
1 'ensemble  des  hauteurs  de  conduit 
couramment  rencontrEes,  avec,  qui  plus 
est,  une  bonne  prEcision. 

Cependant,  1'intEret  de  la  diversitE 
de  frEquence  ressort  clairement  puisque 
1 'utilisation  simultanEe  d'une  frEquence 
voisine  de  1,5  GHz  et  d'une  frEquence 
voisine  de  5,0  GHz  permet  de  cara- 
"tEriser  la  hauteur  du  conduit  avec  une 
bonne  prEcision  tout  en  Ecartant 
d ' Eventuel les  indEterminations  entre 
conduits  faibles  et  conduits  trEs  forts. 

L'aspect  essentiel  de  la  localisation 
en  angle  de  site  des  extrema  -  et 
surtout  des  minima  plus  pointus  -  des 
courbes  du  signal  regu  sur  le  navire  a 
Egalement  EtE  confirmEe.  Cependant, 

1 'utilisation  de  ce  seul  critEre  peut  se 
rEvEler  insuffisant,  notamment  si  la  mer 
est  rugueuse  ou  s'il  existe  des  gra¬ 
dients  honzontaux  de  1' indice  de  rEfra- 
ction.  Un  deuxiEme  critEre  s' est  avErE 
trEs  important  alors:  l'Evaluation  du 
niveau  du  signal  regu  lorsque  I'angle  de 
site  de  la  liaison  est  trEs  faible.  Les 
deux  critEres  appliquEs  con jointement 
semblent  permettre  de  lever  a  peu  prEs 
tous  les  cas  d'indEtermination  citEs  au 
paragraphe  prEcEdent. 

Dans  la  pratique,  on  trouve  A  la  fois 
une  liaison  descendante  de  type  tElE- 
mesure  ainsi  qu’une  liaison  assurEe  par 
un  rEpondeur  Emettant  de  fortes  puis¬ 
sances.  Par  consEquent,  les  conditions 
de  la  diversitE  de  frequence  sont 
rEunies,  et,  si  le  satellite  dEfile,  il 
est  lEgitime  d'en  attendre  une 
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confrontation  int6ressante  du  module 
th6orique  A  la  rdalitA  expArimentale . 
Nous  espArons  pouvoir  faire  Atat  pro- 
chainement  des  rAsultats  d'une  telle 
confrontation . 
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COUPLAGE 


DISTANCE  DE  L'INTERFACE  : 
s0=100’Km 
s0=75  Km 

—  _ sO-SO  Km  _ 


fig. 4  -  Couplage  en  fonction  de  y 
pour  trois  valeurs  diffdrentes  de  s0. 


ANGLE  D'INCIDENCE  rnrd 


METHODS  EMPLOYEE  : 

facteur  de  couplage 
_ directs _ 


ANGLE  DE  SITE  rd 


fig. 5  -  Validation  numdrique  de  la 
mdthode  du  facteur  de  couplage. 


fig. 6  -  Couplage  a  1,575  GHz. 
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fig. 9  -  Couplage  &  9,40  GHz. 
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DISCUSSION 


C.  GOUTELAF  „ 

Vous  avez  fait  allusion  4  l’effet  ionosphdrique,  et  j'ai  cm  comprendre  que  vous  le  ndgligiez.  Pour  le  systdme 
NAVSTAR  a  1.5GHz  il  ne  me  parait  pas  sQr  que  l’effet  soft  ndgligeable  surtout  lorsque  le  satellite  est  h  l’horizon, 
notammcnt  lorsque  des  perturbations,  notamment  les  TID  sont  presents.  En  fait,  ndgligez-vous  ou  corrigez-vous  lcs 
effets  ionosphdriques? 

You  referred  to  ionospheric  effects  and  l  understood  from  what  you  said  that  you  had  chosen  to  ignore  them.  In  the 
case  of  the  NAVSTAR  15GHz,  it  does  not  seem  to  me  that  the  effect  is  negligible,  especially  when  the  satellite  is  on  the 
horizon  and  when  interference,  particularly  TID,  is  present.  Do  you  ignore  or  correct  for  ionospheric  effects  ? 

AUTHOR’S  REPLY 

Une  analyse  qualitative  et  quantitative  au  ler  ordre  des  effets  dc  1’ ionosphere  dans  cette  bande  dc  frequence  (1-18 
GHz)  a  did  mende.  Elle  a  conduit  h  ndgliger  les  phdnomdnes  d’absorption  et  de  scintillation  afin  de  simplifier  le 
modisle.  Cette  demibre  pourait  fitre  prise  en  compte  en  ajoutant  une  composante  aldatoire,  rendant  le  moddlc  plus 
complcxc.  Outre  ces  deux  phdnomdncs,  scule  la  refraction  h  grande  dchelle  due  au  gradient  d’indicc  peut  Eire  prise  en 
compte  simplemcnt  en  considdranl  une  rotation  du  front  d’onde  (-lmrad).  et  en  introduisant  un  terme  correctif  sur  la 
position  tdclle  du  satellite  5  un  instant  donnd.  L’cnscmble  de  ces  hypotheses  sera  confrontd  h  des  rdsultats 
expdrimentaux  qui  ddtcrmincront  si  le  muddle  doit  Sire  amdliord;  toutefois,  la  precision  et  la  rEpdtiiivitd 
raisonnablcmcnt  envisageables  sur  ces  experiences  laisscnt  entrevoir  un  bon  fonctionncmcnt  du  moddlc  simplifid  ainsi 
qu’unc  bonne  adequation  au  probldmc  posd. 

A  first  order  qualitative  and  quantitative  analysis  of  the  effects  of  the  ionosphere  in  this  frequency  band  (I -1 8  GHz) 
was  in  fact  carried  out.  It  led  us  to  ignore  the  phenomena  of  absorption  and  scintillation  in  ordu  to  simplify  the 
model.  The  latter  could  be  allowed  for  by  adding  a  random  component,  making  the  model  more  complex.  Apart  from 
these  two  phenomena,  only  large-scale  refraction  due  to  the  index  gradient  can  be  allowed  for  simply  by  consideiing  a 
rotation  of  the  wavefront  (“ltm  ad)  and  introducing  a  corrective  term  to  the  true  position  of  the  satellite  at  any  given 
time.  All  these  hypotheses  will  be  compared  to  the  expeiimental  results  which  will  determine  whether  the  model  should 
be  improved  However,  the  accuracy  and  repeatability  which  can  be  reasonably  expected  fiom  these  experiments 
promise  satisfactory  operation  of  the  simplified  model  and  suitability  with  respect  to  the  problem  posed. 

J.  BELROSE 

For  salellite-to-ground propagation,  you  spoke  about  transmission  through  the  ionosphere  and  about  transmission  through  the 
evaporation  duct.  For  Canadian  latitudes,  propagation  through  the  melting  layer  (ice  above  and  rain  below)  and  the 
ionosphere  at  time  of  severe  high  latitude  ionospheric  disturbance  are  the  important  parts  of  the  propagation  path.  You  did 
not  mention  propagation  through  the  melting  layer.  From  your  studies,  is  propagation  through  the  evaporation  duct  the 
dominant  part  of  the  propagation  path  at  latitudes  of  your  interest  for  satellite-to-ground  communications  (bearing  in  mind  the 
elevation  angle  characteristic  of  the  satellite  path)? 


AUTHOR’S  REPLY 

Dans  cc  rnoddle  de  liaison  satcllite-navire,  la  plus  grande  partic  du  trajet  effectud  par  l'onde  dlectromagndliquc  ne 
s’effccluc  pas  dans  le  conduit  d’dvaporation  mais  dans  une  zone  considdrdc  comme  Tespace  fibre  it  ces  frequences. 
Toutefois,  le  principal  objectif  de  cette  etude  reside  dans  la  caractdrisation  du  conduit  it  travers  l'analyse  d’une  telle 
liaison.  Nous  n’avons  pas  encore  envisage  l’extension  aux  latitudes  plus  froides,  qui  font  intervenir  d’aulres 
phdnomdnes. 

In  this  satellite-ship  model,  most  of  the  path  travelled  by  the  electronuignelic  wave  does  not  occur  in  the  evaporation 
duct  but  in  an  area  considered  as  free  space  at  these  frequencies.  Howevet,  the  nutin  aim  of  the  study  is  to 
characterise  this  duct  by  analysing  this  type  of  link.  We  have  not  yet  envisaged  extending  the  study  to  colder  latitudes, 
which  would  bring  in  other  phenomena 
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'ADIO  REERACTI VI T  Y  PROFILES  DEDUCED  PROM  AEROSOL  LIDAR  MEASUREMENTS 

S.  0.  Hugh**,  M.  R.  Paulson  and  J.  H.  Richter 

Ocean  and  Atmospheric  Sciences  Division 
Naval  Ocean  Systems  Center 
San  Diego,  California  92152-5000 


1.  SUMMARY 

A  technique  is  presented  for  estimating 
radio  wave  ducting  conditions  from  shipboard 
during  cloud-free  periods  using  a  lidar 
(light  detection  and  ranging)  system  to 
measure  the  power  from  a  pulsed  laser  beam 
that  is  backscattered  to  a  receiver  from 
suspended  particulates  (aerosols)  at  differ¬ 
ent  ranges.  On  individual  days,  the  rela¬ 
tive  humidity  measured  with  altitude  using 
radiosondes  launched  simultaneously  with 
vertical  lidar  shots,  were  highly  correlated 
with  the  range-compensated  power  received  by 
the  lidar  from  the  same  altitude.  However, 
the  relationship  between  the  power  returns 
and  the  relative  humidities  changed  from  day 
to  day,  indicating  an  air  mass  characteris¬ 
tic  dependence  on  the  aerosols'  optical 
parameters.  Using  a  combined  data  set  of  13 
days,  a  linear  relationship  (correlation  » 
0,73)  was  determined  between  the  relative 
humidity  at  a  given  altitude  and  the  range- 
compensated  power  received  by  the  lidar  from 
the  same  altitude.  While  the  magnitudes 
differed  in  most  cases,  the  gradients  in 
modified  radio  refractivity  calculated  using 
standard  vertical  lapse  rates  of  temperature 
and  pressure  with  the  experimentally  deter¬ 
mined  relationship  were  in  close  agreement 
with  those  calculated  using  the  radiosonde 
measured  parameters.  Examples  of  radio 
signal  coverage  plots  based  on  the  lidar 
returns  are  presented  and  compared  with 
those  calculated  from  the  radiosonde  data 
for  both  elevated  and  ground-based  ducting 
conditions, 

2 .  INTRODUCTION 

Balloon  borne  radiosondes  or  airborne 
refractometers  are  the  established  methods 
of  determining  atmospheric  ducting  condi¬ 
tions  at  sea  for  predicting  radar  coverages. 
The  radiosonde  requires  radio  signals  to 
transmit  the  measured  meteorological  parame¬ 
ters  (temperature,  pressure  and  relative 
humidity)  back  to  the  ship.  During  periods 
when  electromagnetic  emissions  are  not 
permitted,  the  radiosonde  cannot  be  uti¬ 
lized.  Also,  not  all  ships  have  radiosonde 
capability  and  airborne  refractometer  infor¬ 
mation  may  be  available  only  to  aircraft 
carriers.  It  has  recently  been  demonstrated 
by  Anderson  (Ref  1)  that  the  radiosonde 
information  can  be  successfully  transmitted 
from  altitudes  up  to  2  km  to  the  ship 
through  a  fiber  optic  tethering  cable  with¬ 
out  violating  emission  control  conditions. 
Because  of  the  cost  involved  in  obtaining  a 
single  refractivity  profile,  this  technique 
has  not  yet  been  deployed  in  the  fleet. 


In  this  paper,  the  possibility  of  estimating 
radio  wave  ducting  conditions  is  investi¬ 
gated  using  a  lidar  system  to  measure  the 
power  from  a  pulsed  laser  beam  that  is  back- 
scattered  to  a  receiver  from  suspended  par¬ 
ticulate  (aerosols)  at  different  ranges. 
While  gradients  in  temperature  are  contrib¬ 
uting  factors,  it  is  the  gradients  in  atmo¬ 
spheric  moisture  (or  relative  humidity) 
which  generally  determine  the  gradients  in 
radio  refractivity  profiles.  The  relative 
humidity  also  has  pronounced  effect  on 
atmosphere  aerosols  (suspended  particu¬ 
lates)  ,  As  the  relative  humidity  increases, 
condensation  of  water  vapor  on  particles 
containing  water-soluble  material  cause 
their  sizes,  and,  consequently,  their  cross- 
sections  to  optical  backscatter  to  increase. 
Within  the  woll-mixed  marine  boundary  layer, 
relative  humidities  are  usually  high  enough 
that  most  of  the  aerosols  are  hydrated, 
taking  on  a  spherical  shape.  Thus,  within 
the  layer,  the  return  to  a  lidar  system  from 
a  given  range  can  be  expected  to  be  directly 
related  to  relative  humidity  at  that  range. 
The  return,  however,  will  be  strongly  depen¬ 
dent  upon  the  refractive  indices  of  the 
aerosols,  both  at  the  scattering  volume 
range  and  along  the  intervening  path.  Above 
the  layer,  where  relative  humidities  are 
much  lower,  unactivated  aerosols  may  be  of 
irregular  shape,  and  little  correlation  can 
be  expected  between  their  backscattering 
cross-sections  and  relative  humidity. 

3.  MEASUREMENTS 

Measurements  of  vertical  lidar  returns  were 
conducted  simultaneously  with  radiosonde 
launches  from  the  Point  Loma  peninsula  in 
San  Diego  in  the  fall  of  1989.  The  lidar 
system  employed  in  this  study  was  the 
AN/GVS-5  rangefinder-based  Visioceilometer 
which  was  developed  by  the  U.  S.  Army  Atmo¬ 
spheric  Sciences  Laboratory  and  has  been 
described  elsewhere  (Ref  2).  The  system  is 
a  hand-held  Nd: YAG  laser  which  nominally 
emits  a  10  mJ,  6  ns  pulse  at  a  wavelength  of 
1.06  na.  The  receiver  telescope  has  an 
aperature  of  5.1  cm  with  a  3  mrad  field  of 
view.  The  range  at  which  the  receiver  field 
of  view  and  the  transmitter  beam  overlap  is 
112.5  m.  A  signal  processing  unit  clocks 
the  output  of  a  silicon  photoavalanche 
detector  at  a  20  MHz  rate  giving  a  7.5  m 
sampling  interval.  The  digitized  results 
are  transferred  to  a  microprocessor  and  then 
to  a  Memodyne  cassette  tape  recorder  for 
off-line  f.rocessing. 


The  radiosonde  system  employed  was  the 
VAISALA  model  RS80.  When  calibrated,  the 


system  measures  pressure,  temperature  and 
relative  humidity  with  accuracies  of  ±0.5 
mb,  ±0. 2*C  and  ±2%,  respectively. 

The  power  P(r)  returned  to  the  lidar  detec¬ 
tor  from  a  range  r  was  adjusted  to  provide 
a  range-compensated  signal,  S(r)=ln[P(r)r2], 
as  a  function  of  altitude.  While  each  lidar 
profile  was  essentially  a  snapshot  of;condi- 
tions  at  the  moment,  the  balloon-borne 
radiosonde  ascended  about  200  meters  per 
minute,  and  frequently  drifted  southeasterly 
over  the  land.  Because  the  lidar' frequently 
showed  small-scale  fluctuations  that  the 
radiosonde  did  not  detect,  a  9-point  running 
average  of  the  S(r)  data  for  each  profile 
was  used  in  the  comparison  with  the  radio¬ 
sonde  data.  An  example  of  the  radiosonde  £ 
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Figure  1,  Radiosonde  measurement  of  temper¬ 
ature  versus  altitude  for  13  November  1989. 


Figure  2.  (a)  Lidar  range-compensated  power 
return,  S(R),  versus  altitude  for  13  Novem¬ 
ber  1989.  (b)  Relative  humidity,  RH,  versus 
altitude  for  13  November  1989. 


data  taken  on  13  November  1989  is  shown  in 
Figures  1  and  2b  where  the  measured  tempera¬ 
ture  and  relative  humidity  are  plotted 
versus  altitude.  Temperature  inversions 
(i.e.  an  increase  in  temperature  with  alti¬ 
tude)  occur  near  300  m  and  500  m  which 
coincide  with  rapid  decreases  in  relative 
humidity.  In  Figures  2a  and  2b,  the  rela¬ 
tive  humidity  (RH)  variations  with  altitude 
are  compared  with  the  range  compensated 
lidar  return,  S(r),  for  the  same  day.  While 
minor  irregularities  occur  in  both,  the  two 
profiles  show  similar  responses  to  the  two 
temperature  inversions.  A  linear  regression 
analysis  was  performed  between  the  lidar 
range-compensated  powers  and  the  relative 
humidity  at  the  corresponding  altitudes  on 
each  of  13  different  days.  The  regression 
coefficients  (a*intercept,  b»slope  and 
^correlation  coefficient)  for  each  of  the 
measurement  days  are  listed  in  Table  1. 


While  these  data  demonstrate  a  definite 
relationship  between  the  relative  humidity 
and  lidar  returns  on  individual  days  (as 
shown  in  Figure  3  for  13  September) ,  there 
is  a  significant  change  in  the  relationship 
from  day  to  day.-  In  addition  to  the  tempo¬ 
ral  and  spatial  differences  between  the 
lidar  and  radiosonde  measurements,  the 
differing  relationships  most  likely  are  a 


result  of  the  change  in  the  composition  of 
the  aerosol  from  day  to  day.  The  extent  of 
this  variability  is  evident  from  Figure  4 
where  a  linear  regression  analysis  between 
the  relative  humidity  and  range-compensated 
power  was  performed  using  the  entire  data 
set  to  give  the  relationship,  RH  «  181.9  + 
18.5S(r),  with  f  »  0.73.  Vertical  changes 
in  air  mass  characteristics  may  also  explain 


Date 

a 

b 

i> 

12  Sept 

241.5 

28.4 

0.95 

13  Sept 

178.1 

20.8 

0.92 

18  Sept 

218.0 

21.6 

0.72 

2G  sept 

226.3 

22.8 

0.93 

26  sept 

270.5 

34.3 

0.95 

27  Sept 

305.4 

35.4 

0.96 

28  Sept 

304.9 

34.1 

0.93 

29  Sept 

186.3 

17.8 

0.82 

2  Oct 

234.9 

25.1 

0.94 

3  Oct 

328.4 

42.1 

0.97 

24  OCt 

161.5 

12.1 

0.95 

13  NOV 

219.9 

22.4 

0.72 

21  NOV 

378.9 

48.4 

0.85 

Table  1.  Linear  regression  coefficients 
for  relative  humidity  as  a  function  of 
range  compensated  lidar  return, 

(RH  =  a  +  bS(r) ) 


W.--ti — — •  - 


water  vapor  pressure  (mb).  The  ambient 
water  vapor  pressure,  e,  is  related  to  the 
saturation  water  vapor  pressure,  e,,  by 
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Figure  3.  Lidar  range-compensated  power 
return,  S(R),  versus  relative  huaidity  for 
13  Septenber  1989. 
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pa 

100 
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vt -re  RH  is  the  relative  huaidity  in  percent 
and  the  saturation  water  vapor  p~essure  can 
be  determined  froa  (Berry  et  al.,  1945} 


e,  =  6.105  exp(2S.22( 


T  -  273.2, 


-5'31 


In  raytrace  diagrams,  it  is  often  convenient 
to  modify  the  vertical  refractivity  profile 
so  that  the  earth  say  be  treated  as  flat. 
This  leads  to  the  modified  refractivity 
relationship 


M(Ji)  =  #?(*)  ♦  (h/a)xlO*  =  N(Jj)  *  -153h  (4) 


Figure  4.  Relative  humidity  versus  lidar 
range-compensated  power  return  for  complete 
data  set  listed  in  Table  1. 


vertical  "eriations  in  the  relationship 
between  RH  and  lidar  return  for  an  individu¬ 
al  profile. 

4.  CALCULATION  OP  REFRACT1VITV  PROPILES 

Since  the  real  part,  n„  of  the  refractive 
index  of  air  is  very  close  to  unity,  it  is 
practical  to  define  thf  "refractivity"  of 
air  as  H  »  (n,  -  1)10*.  .'or  radio  waves,  the 
empirical  formula  for  the  refractivity  is 
given  by  (Ref  3) 


where  h  and  a  (earth's  radius)  are  in  me¬ 
ters. 

In  the  marine  boundary  layer,  the  actual 
percentage  variations  of  pressure  from  a 
standard  atmosphere  are  relatively  small,  so 
the  pressure  of  the  atmosphere  is  not  a 
significant  factor  in  creating  non-standard 
refraction.  In  equation  X,  the  second  term 
is  generally  small  compared  to  the  third  and 
may  be  neglected.  The  actual  percentage 
variations  of  water  vapor  from  a  standard 
atmosphere  are  often  large  in  the  marine 
environment,  such  that  water  vapor  content 
is  the  most  significant  factor.  However, 
the  presence  of  T  and  T5  as  denominators  of 


MODIFIED  REFRACTIVITY  VS.  ALTITUDE 
13  NOVEMBER  1989 
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N  «  121  -  H2  ♦  j •  Bxio'e  Figure  5.  Modified  radio  retractility 

T  T  T1 

versus  altitude  calculated  using  radiosonde 
measurements  of  pressure,  relative  humidity 
and  temperature  (solid  line)  and  that  calcu- 
where  P  is  the  barometric  pressure  (r.b) ,  T  lated  with  a  dry  adiabatic  lapse  rate  in 
is  the  temperature  (K) ,  and  e  is  the  ambient  temperature. 
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the  pressure  and  Moisture  tens  and  the 
fairly  large  percentage  variations  in  T  froa 
a  standard  ataospfcere  nates  the  temperature 
the  other  significant  factor.  If  the  lidar 
is  to  be  used  as  a  "stand-alone*  instrument 
for  determining  refractivity  profiles,  some 
assumptions  must  be  made  concerning  the 
variations  of  temperature  with  altitude. 
Figure  S  shows  the  M-unit  variations  vith 
altitude  which  were  calculated  using  the 
measured  pressure,  temperature  and  relative 
humidity  profiles  and  those  calculated  with 
a  dry  adiabatic  lapse  rate  in  temperature 
{-0.01  *C/»)  referenced  to  the  surface  mea¬ 
surement.  The  close  agreement  between  the 
two  profiles  demonstrates  the  relative 
insensitivity  of  the  M-unit  calculations  to 
the  variations  in  temperature  for  the  south¬ 
ern  California  data  set.  Whether  the  same 
is  true  for  other  locales  needs  to  be  deter¬ 
mined. 
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Figure  6.  Conparison  of  M-unit  profiles 
calculated  using  standard  lapse  rates  of 
temperature  and  pressure  with  the  profiles 
of  relative  humidity  determined  from  the 
lidar  returns  and  those  calculated  from  the 
radiosonde  data  on  13  November  1989. 


Figure  7.  Radiosonde  measurements  of  tem¬ 
perature  and  relative  humidity  versus  alti¬ 
tude  for  29  September  1989. 


In  Figure  6,  M-unit  profiles  calculated 
using  standard  lapse  rates  of  temperature 
with  the  profiles  of  relative  humidity 
determined  from  the  lidar  returns  are  com¬ 
pared  with  those  calculated  from  the  radio¬ 
sonde  data  for  the  elevated  ducting  condi¬ 
tions  on  13  November  (Figure  l).  In  the 
calculations  using  the  lidar  data,  a  stan¬ 
dard  lapse  rate  of  pressure  (-0.12  mb/m) 
from  the  measured  surface  value  was  assumed. 
This  assumption  is  justified  since  in  the 
marine  boundary  layer  the  actual  percentage 
variations  of  pressure  from  a  standard 
atmosphere  are  relatively  small.  While 
there  are  differences  in  the  magnitudes  of 
the  two  curves  (which  may  be  related  to  the 
aforementioned  reasons) ,  the  gradients  in 
the  modified  refractivity  profiles  calculat¬ 
ed  with  the  lidar  data  show  quite  good 
agreement  with  those  calculated  from  the 
radiosonde  data. 


An  example  of  the  radiosonde  data  taken  on 
29  September  1989  is  shown  in  Figure  7  for 
the  case  of  a  ground-based  duct.  On  this 
day,  the  M-unit  profiles  calculated  using 
the  lidar  data  with  standard  lapse  rates  of 
temperature  and  relative  humidity  deviate 
significantly  from  those  calculated  using 


Figure  8.  Comparison  of  M-unit  profiles 
calculated  using  standard  lapse  rates  of 
temperature  and  pressure  with  the  profiles 
of  relative  humidity  determined  from  the 
lidar  returns  and  those  calculated  from  the 
radiosonde  data  on  29  September  1989. 


the  radiosonde  data  (Figure  8) .  However, 
the  gradients  in  both  profiles  are  in  good 
agreement  below  and  through  the  top  of  the 
shallow  inversion. 

5.  COMPARISON  OF  RADIO  SIGNAL  COVERAGES 

A  ray-trace  program  in  the  computer  code 
EREPS  (Engineer's  Refractive  Effects  Predic¬ 
tion  System)  (Ref  5)  was  used  to  calculate 
and  plot  radio  signal  coverage  diagrams  for 
the  radiosonde  and  lidar  determined  refrac¬ 
tivity  profiles.  Examples  calculated  using 
the  elevated  and  ground-based  ducting  condi¬ 
tions  are  shown  in  Figures  9-11.  Figure  9a 
shows  the  area  of  coverage  on  a  flat-earth, 
range-versus-height  plot  for  the  elevated 
ducting  condition  calculated  using  refrac¬ 
tivity  profile  determined  form  the  radio¬ 
sonde  data.  Figure  9b  shows  the  coverage 
calculated  using  the  lidar  determined  re¬ 
fractivity  profile.  This  example  is  for  a 
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Figure  9.  Radio-signal  coverage  diagrams 
predicted  using  M-units  determined  from  (a) 
lidar  data  and  (b)  radiosonde  data  on  13 
November  1989  for  a  transmitter  height  of 
100  m. 


hypothetical  transmitter  antenna  being  100 
m  above  sea  level  with  viewing  angles  below 
and  above  the  horizontal  of  -4.9  mrad  and 
37. S  mrad,  respectively.  The  shaded  area  in 
each  display  corresponds  to  an  area  of 
coverage.  The  similarity  of  the  coverage 
diagrams  in  Figures  9a  and  9b  is  expected 
since  coverage  i3  not  dependent  on  the 
properties  of  the  elevated  duct  above. 
Elevated  ducts  do,  in  general,  not  affect 
surface-based  emitters.  If,  however,  the 
transmitters  were  located  at  a  height  of  600 
m  (within  the  elevated  duct)  as  shown  in 
Figures  10a  and  10b,  energy  is  channeled 
within  the  duct  and  a  hole  in  coverage 
observed  just  above  it.  Figures  11a  and  lib 
show  coverages  for  a  transmitter  located 
within  a  ground-based  duct  using  the  radio¬ 
sonde  and  lidar  determined  refractivity 
profiles,  respectively,  in  both  of  these 
examples,  the  coverages  predicted  with  the 
lidar  and  radiosonde  data  are  in  good 
agreement.  Egually  good  agreements  were 
obtained  for  the  rest  of  the  data  set  listed 
in  Table  1. 

6.  CONCLUSIONS 

The  agreement  between  the  M-unit  profiles 
using  the  lidar  and  radiosonde  data  might  be 
improved  upon  if  a  measure  of  the  air  mass 
characteristics  could  be  included  in  a 
multiple  regression  equation  relating  rela¬ 
tive  humidity  to  range-compensated  power 
return  of  the  lidar.  While  the  magnitudes 
of  the  M-unit  profiles  calculated  using  the 
lidar  and  radiosonde  data  differ,  calcula- 


Figure  10.  Radio-signal  coverage  diagrams 
predicted  using  M-units  determined  from  (a) 
lidar  data  and  (b)  radiosonde  data  on  13 
November  1989  for  a  transmitter  height  of 
600  m. 
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Figure  11.  Radio-signal  coverage  diagrams 
predicted  using  M-units  determined  from  (a) 
lidar  data  and  (b)  radiosonde  data  on  29 
September  1989. 
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tions  of  radar  coverages  do  not  appear  to  be 
sensitive  to  these  differences,  but  rather 
to  the  gradients  in  refractivity.  This  study 
has  demonstrated  that  useful  radio  refrac¬ 
tivity  information  can  be  obtained  from 
aerosol  lidars  during  cloud-free  periods. 
This  approach  allows  ducting  information  to 
be  obtained  by  small  ships  which  are  not 
equipped  with  radiosonde  systems,  permits 
more  frequent  or  continuous  assessment  of 
ducting  conditions,  and  involves  no  radio 
transmissions  (like  the  radiosonde)  which 
may  be  intercepted  at  far  away  distances. 
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DISCUSSION 


J.  GOLDHIRSH 

How  do  you  measure  refractivity  N  using  radar? 

AUTHOR’S  REPLY 

Through  a  relationship  derived  by  Cossard  which  connects  refractivity  with  the  structure  parameters  of  refractivity  and  wind 
velocity  which  can  be  sensed  by  radar.  I'll  let  Dr.  Cossard  explain  this  in  more  detail. 

E.  GOSSARD 

Surface-based  radars  can  measure  elevated  gradients  of  the  refractive  itulex  through  a  relationship  which  connects  the  gradient 
of  refractivity  with  parameters  that  are  measured  by  Doppler  radars  (see  equation  (36)  of  Cossard,  E.E.  and  N.  Sengupla, 
"Measuring  gradients  of  meteorological  properties  in  elevated  layers  with  a  surface-based  Doppler  radar,  ’  Radio  Science,  Vol. 
23(4),  pp.  625-639,  1988). 

Whenever  reflective  layers  are  present  as  determined  by  raob,  the  clear-air  profilers  do,  indeed,  show  enhanced  backscatter 
from  such  layers.  Unfortunately,  the  converse  is  not  true  and  the  profilers  often  show  backscatter  from  zones  that  the  raob 
indicates  do  not  have  substantial  gradients  in  refractive  itulex.  The  reason  is  that  many  phenomena  cause  backscatter  of  radar 
waves  in  addition  to  the  turbulent fluctuations  of  clear-air  refractive  index  associated  with  the  elevated  gradients  of  refractive 
itulex  that  we  wish  to  detect.  Such  extraneous  scatterers  include  insects  and  especially  clouds.  Even  at  the  relatively  long  wave 
lengths  that  have  been  used  for  clear-air  wind  profilers  (e.g.  33  cm  wavelength),  even  scattered  clouds  can  compete  effectively 
with  the  weak  signals  from  the  clear  air. 
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USE  OF  MESOSCALE  MODELS  FOR  REFRACTIVTTY  FORECASTING 


M.F.  Levy  and  K.IL  Craig 
Radio  Communications  Research  Unit 
Rutherford  Appleton  Laboratory 
Chilton,  Didcot,  0X11  OQX 
United  Kingdom 


SUMMARY 

Three-dimensional  forecasts  of  sensor  performance  re¬ 
quire  accurate  predictions  of  refractivity  features.  Nu¬ 
merical  weather  models  like  the  U.K.  mesoscale  model 
have  become  sufficiently  powerful  to  provide  good  re¬ 
fractivity  maps.  These  in  turn  provide  environmental 
input  for  parabolic  equation  models  to  forecast  mi¬ 
crowave  propagation.  This  paper  briefly  describes  the 
U.K.  mesoscale  model  and  its  application  to  forecast¬ 
ing  sensor  performance. 

1  INTRODUCTION 

In  recent  years,  powerful  models  based  on  parabolic 
equation  (PE)  techniques  have  been  developed  to  pro¬ 
vide  predictions  for  microwave  propagation  in  the  tro¬ 
posphere  [1],  PE  models  are  extremely  flexible,  al¬ 
lowing  the  user  to  vary  frequency,  polarization,  an¬ 
tenna  height  and  beam  pattern,  and  to  specify  an 
arbitrary  refractivity  structure.  Reliable  quantitative 
three-dimensional  refractivity  forecasts  are  essential  in 
order  to  make  full  use  of  these  methods. 

Radiosonde  profiles  give  good  vertical  resolution,  but 
cannot  provide  horizontal  coverage.  Remote  sensing 
by  satellites  of  refractivity  profiles  is  not  currently  fea¬ 
sible,  and  it  is  unlikely  that  sufficiently  refined  inver¬ 
sion  techniques  can  ever  be  developed,  in  particular  for 
humidity  profiles.  However  parameters  like  sea  surface 
temperature  can  now  be  measured  very  accurately  by 
satellite.  Indirect  use  of  such  satellite  data  through 
their  incorporation  into  numerical  weather  models  is 
invaluable  for  horizontal  coverage. 

In  situations  where  the  3D  variations  of  the  refrac¬ 
tivity  structure  are  important,  a  promising  option  is 
to  use  a  numerical  weather  model  incorporating  many 
diverse  data  sources.  With  the  enormous  increase  in 
computer  power,  num  '.cal  weather  models  have  now 
reached  the  point  where  detailed  modelling  of  humid¬ 
ity  is  available,  thus  making  the  forecasting  of  refrac¬ 
tivity  structure  possible. 

2  U.K.  MESOSCALE  MODEL 

In  1982,  the  U.K.  Meteorological  Office  introduced  a 
15-level  numerical  weather  prediction  computer  model 
to  provide  guidance  of  forecasters  on  timescales  of 
12  hours  to  6  days.  The  regional  15-level  model, 


which  covers  the  North  Atlantic  and  Europe,  has  a 
gridlength  of  75  km.  The  regional  model  is  too  coarse 
to  include  topographic  effects,  and  does  not  provide 
good  forecasts  of  humidity  and  precipitation. 

The  mesoscale  model  developed  by  the  UK  Meteoro¬ 
logical  Office  was  introduced  in  order  to  improve  hu¬ 
midity  forecasts  [2].  It  has  been  in  operational  use 
since  1989. 

The  model  has  a  horizontal  resolution  of  15  km,  and 
covers  the  British  Isles  and  most  of  the  North  Sea. 
Figure  1  shows  the  coverage  and  horizontal  resolution 
of  the  U.K.  mesoscale  model;  the  map  was  drawn  di¬ 
rectly  from  the  orographic  height  information  in  the 
model  output.  The  horizontal  gridlength  allows  a  rea¬ 
sonable  representation  of  the  orography  and  coastline, 
although  narrow  valleys  and  steep  mountains  cannot 
be  represented. 

More  sophisticated  models  of  boundary  layer  and  sur¬ 
face  processes  are  used  than  in  the  regional  model, 
resulting  in  much  better  modelling  of  humidity.  Good 
forecasts  can  be  obtained  for  parameters  like  cloud 
cover,  cloud  base,  visibility  and  precipitation. 

Currently  the  model  produces  a  24  hour  forecast,  with 
a  data  assimilation  process  every  3  hours.  The  model 
is  closely  tied  to  the  regional  model,  which  is  used  to 
define  boundary  conditions.  Output  from  the  model 
includes  initial  output  fields,  that  is  to  say  the  fields 
obtained  right  after  data  assimilation,  and  forecasts 
ranging  from  3  hour  to  24  hour. 

The  vertical  coordinate  system  is  based  on  the  height 
above  the  local  terrain.  Initially  the  model  included 
16  vertical  levels,  with  only  6  levels  below  2  km.  In 
summer  1990,  the  vertical  resolution  was  increased  to 
32  vertical  levels,  with  15  levels  between  the  ground 
and  1020  m.  Table  1  gives  the  model  levels  below  3  km. 

A  weakness  of  the  current  mesoscale  model  is  that  it 
makes  no  attempt  to  use  radiosonde  data  directly.  The 
system  relies  on  the  regional  modei  data  assimilation 
scheme  to  analyse  radiosonde  ascents  and  incorporate 
them  as  part  of  the  background  fields  [3).  Hence  the 
detailed  vertical  structure  of  the  ascents  is  often  lost. 
New  data  assimilation  schemes  allowing  use  of  profile 
data  will  be  introduced  next  year. 
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level 

height  (m) 

level 

height  (m) 

1 

1.25 

11 

355.00 

2 

2.50 

12 

480.00 

3 

5.00 

13 

630.00 

4 

10.00 

1-' 

810.00 

5 

20.00 

15 

1020.00 

6 

40.00 

16 

1265.00 

7 

70.00 

17 

1550.00 

8 

115.00 

18 

1880.00 

9 

175.00 

19 

2260.00 

10 

255.00 

20 

2695.00 

Table  1:  Mesoscale  model  levels  below  3  km 


Refractivity  profiles  obtained  from  mesoscale  output 
have  been  compared  to  minisonde  measurements,  with 
very  encouraging  results:  absolute  values  of  refractiv¬ 
ity  at  the  model  levels  were  within  2%  of  minisonde 
results.  The  comparisons  were  for  a  coastal  site  in  the 
south  of  England  in  June  1989;  at  that  time  only  the 
lower  vertical  resolution  mesoscale  model  was  avail¬ 
able.  Table  2  shows  the  percentage  errors  for  each  pa¬ 
rameter  at  each  of  the  mesoscale  model  levels,  given 
in  terms  of  pressure;  the  temperature  error  is  calcu¬ 
lated  on  the  absolute  temperature  scale.  In  terms  of 
percentage  error  in  refractivity,  the  two  measurements 
agree  remarkably  well.  As  expected,  the  water  vapour 
pressure  has  greater  error,  although  this  becomes  less 
significant  at  greater  heights  where  the  dry  term  in 
the  refractive  index  formula  dominates. 

3  INTERPOLATION  USING  POTENTIAL 

TEMPERATURE 

Initially  we  had  hoped  to  use  mesoscale  model  output 
to  provide  a  physically  meaningful  interpolation  pro¬ 
cedure  between  radiosonde  profiles.  The  idea  was  to 
identify  air  masses  using  iscntropic  coordinates  based 
on  equivalent  potential  temperature,  and  to  use  linear 
interpolation  along  iscntropic  lines. 

The  potential  temperature  9  is  defined  as  the  temper¬ 
ature  a  parcel  of  air  (at  temperature  T  and  pressure 
P)  would  have  if  moved  iscntropically  to  a  reference 
pressure  Po,  usually  1000  mb.  Using  the  first  law  of 
thermodynamics,  one  can  derive  the  formula 

0  =  T(Po/P)R’'/e',  (1) 

where  Rm  is  the  specific  gas  constant  of  air  and  cp  is 
the  specific  heat  of  air  at  constant  pressure  (4).  For 
dry  air.  /?m/cF  =  0.286.  The  variations  due  to  water 
vapour  are  usually  neglected. 

The  use  of  potential  temperature  eliminates  variations 
due  to  pressure,  but  does  not  take  humidity  variations 
into  account.  For  the  identification  of  air  masses,  it  is 
preferable  to  use  the  equivalent  potential  temperature 
0e ,  which  is  defined  as  the  temperature  a  parcel  of 


air  would  have  if  lifted  adiabatically  until  saturation 
occurs,  and  then  lifted  adiabatically  until  all  the  mois¬ 
ture  has  condensed.  The  equivalent  potential  temper¬ 
ature  is  given  approximately  by 

«.  =  *(!  +  -£=-).  (2) 

cpI, 

where  L  is  the  latent  heat  of  vaporization,  w  is  the 
water  vapour  mixing  ratio  and  T,  is  the  temperature 
at  adiabatic  saturation  point.  T,  can  be  calculated 
using  a  fixed  point  method  and  an  approximation  to 
the  Clausius-CIapeyron  equation. 

Equivalent  potential  temperature  can  differ  substan¬ 
tially  from  potential  temperature:  for  example  for  P 
=  lOOOmb  and  T  =  300K,  we  have  9  =  T  =  300 K, 
while  9t  =  356  K  for  saturated  air  and  9C  =  328  K  for 
air  at  50%  relative  humidity. 

In  ducting  situations,  equivalent  potential  tempera¬ 
ture  can  be  a  very  useful  indicator  of  layering  struc¬ 
tures.  Figure  2  shows  the  9C  profile  for  the  De  Bilt 
radiosonde  ascent  of  2  August  1990  at  midday,  with 
the  corresponding  profile  of  modified  refractivity.  This 
anticyclonic  situation  is  typical  of  North-West  Eu¬ 
rope  [5];  the  discontinuities  of  the  0C  profile  are  due  to 
a  subsiding  dry  air  mass  above  1300  m,  and  advected 
dry  air  below  60  m.  The  modified  refractivity  profile 
exhibits  a  surface  duct  and  a  strong  elevated  duct  cor¬ 
responding  to  the  9e  features. 

The  situation  is  not  always  so  clear-cut:  the  0e  fea¬ 
tures  can  be  rather  complex  and  difficult  to  track  be¬ 
tween  vertical  profiles.  It  proved  difficult  to  imple¬ 
ment  interpolation  between  radiosondes  along  isen- 
tropic  lines.  The  example  we  describe  below  high¬ 
lights  the  difficulties  of  the  interpolation  approach, 
and  shows  the  potential  of  the  model  for  direct  use. 

The  map  of  Figure  3  shows  the  location  of  the  ra¬ 
diosonde  stations  at  Hcmsby,  Dc  Bilt  and  Essen.  Fig¬ 
ure  4a  shows  the  9e  profiles  obtained  from  the  ra¬ 
diosonde  ascents  at  Hcmsby,  De  Bilt  and  Essen  on 
2  August  1990  at  0:00  GMT.  The  graphs  have  been 
offset  for  easy  comparison  with  Figure  <*b.  The  vari¬ 
ations  of  6e  cannot  be  described  simply,  particularly 
at  Hcmsby,  and  it  is  far  from  clear  how  the  structures 
evolve  horizontally  between  the  radiosondes. 

Figure  4b  shows  profiles  extracted  from  the  mesoscale 
initial  output  along  the  Hcmsby-Essen  line  for  the 
same  time.  The  mesoscale  profiles  are  45  km  apart  and 
have  been  offset  by  20°K  for  legibility.  The  mesoscale 
model  has  been  unable  to  reproduce  the  complex  fea¬ 
tures  of  the  Hcmsby  ascent;  it  would  have  performed 
better  with  finer  vertical  resolution,  and  direct  input 
of  radiosonde  information.  The  structure  at  De  Bilt 
is  quite  well  captured,  but  the  model  performs  badly 
at  Essen:  this  is  certainly  due  to  boundary  problems, 
as  Essen  is  at  the  edge  of  the  coverage  region  of  the 
model. 
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It  is  not  straightforward  to  determine  isentropic  lines. 
A  good  automatic  procedure  would  involve  complex 
pattern  recognition  techniques,  and  would  be  lenghty 
to  develop.  Then  comes  the  problem  of  matching 
the  mesoscale  derived  structure  to  the  radiosonde  pro¬ 
files.  This  will  become  easier  as  the  mesoscale  model 
evolves  to  have  sufficient  vertical  resolution  to  capture 
most  refractivity  features.  However  at  that  point,  one 
might  as  well  make  direct  use  of  the  mesoscale  output. 
We  consequently  examined  the  direct  use  of  current 
mesoscr' ;  output  for  refractivity  forecasting. 

4  3D  VARIABILITY 

The  mesoscale  results  showed  a  surprising  amount  of 
horizontal  variability.  A  good  example  is  the  horizon¬ 
tal  variation  of  the  height  of  the  surface  duct  which 
was  present  over  most  of  the  region  of  interest  on  2 
August  1990  at  0:00  GMT.  Figure  5  shows  contours 
of  the  advection  duct  height.  There  is  a  clear  discon¬ 
tinuity  between  the  North  Sea  and  the  English  Chan¬ 
nel.  The  contour  lines  tend  to  follow  the  coast,  but 
the  variations  remain  strong  even  at  large  distances 
from  the  coast. 

What  is  needed  ultimately  is  a  forecast  of  radar  perfor¬ 
mance  based  on  the  refractivity  maps  extracted  from 
mesoscale  output.  Currently  only  parabolic  equation 
models  are  capable  of  utilizing  2-dimcnsional  refrac¬ 
tivity  data  [1].  Each  PE  simulation  calculates  path 
loss  values  in  a  given  vertical  plane.  In  order  to  get  a 
full  3-dimensional  picture  of  the  situation,  it  is  neces¬ 
sary  to  run  the  PE  model  for  several  azimuthal  direc¬ 
tions. 

The  following  examples  show  the  potential  of  coupling 
parabolic  equation  techniques  with  mesoscale  model 
output.  Simulations  were  carried  out  for  a  site  in 
North  Yorkshire,  using  mesoscale  results  for  2  August 
1990  at  0:00  GMT.  The  map  of  Figure  6  shows  the 
location  of  the  antenna  and  the  radials  used  in  the 
simulations.  Figure  7  shows  path  loss  contours  for  a 
3 GHz  antenna  located  75m  above  sea  level,  in  4/3 
Earth  conditions.  Figure  8  shows  modified  refractiv¬ 
ity  profiles  extracted  from  the  mesoscale  output  along 
the  3  radials  of  i'.terest.  The  profiles  arc  taken  at 
45  km  intervals  along  each  radial.  The  graphs  have 
been  offset  by  40  M-units  for  legibility. 

Figure  9  shows  parabolic  equation  simulations  using 
the  data  in  Figure  8.  Anomalous  propagation  is  tak¬ 
ing  place  along  all  three  radials,  but  there  is  strong 
azimuthal  variability,  with  stronger  surface  ducting  in 
the  southern  direction. 

5  SSR  DATA 

The  validation  of  mesoscalc/PE  techniques  is  a  diffi¬ 
cult  problem.  Direct  comparisons  of  mesoscale  output 
to  radiosonde  measurements  have  been  been  carried 
out  with  encouraging  results,  and  more  of  these  need 
to  be  made.  However  such  comparisons  are  of  neces¬ 


sity  limited  in  time  and  space,  and  do  not  give  a  global 
assessment  of  the  model. 

In  any  case  the  ultimate  purpose  of  the  exercise  is  to 
produce  propagation  forecasts,  and  perhaps  the  model 
ought  to  be  judged  on  its  propagation  results  rather 
than  on  its  performance  as  a  refractivity  forecasting 
tool.  Here  again  it  is  difficult  to  carry  out  extensive 
quantitative  validation.  Expensive  airborne  trials  in¬ 
volving  detailed  measurements  of  refractivity  and  RF 
signal  at  400  MHz  have  shown  the  usefulness  of  the 
PE  method  [6].  This  type  of  verification  is  necessary 
and  should  be  carried  out  at  higher  frequencies,  but 
can  only  give  very  localized  results. 

A  more  global  comparison  can  be  provided  by  the 
monitoring  of  secondary  surveillance  radar  returns 
from  targets  of  opportunity.  This  has  also  been  identi¬ 
fied  as  a  source  of  qualitative  assessement  of  anaprop 
in  its  own  right  [7].  SSR  responses  are  routinely  moni¬ 
tored  by  the  U.K.  Civil  Aviation  Authority.  The  map 
in  Figure  10  shows  the  location  of  the  Debden  CAA 
radar,  which  operates  at  a  frequency  of  1GHz,  and 
has  an  operational  range  of  172  nautical  miles.  The 
circular  coverage  area  of  the  Debden  radar  is  indicated 
on  Figure  10,  together  with  the  main  airports  within 
range.  On  days  of  strong  anaprop,  returns  are  ob¬ 
tained  from  aircraft  landing  or  taking  off  at  Schiphol 
airport  which  is  normally  below  the  radio  horizon. 

From  the  height,  range,  azimuth  and  time  information 
included  in  the  SSR  responses,  it  is  possible  to  plot  the 
positions  of  observed  aircraft  in  a  given  time  interval. 
Figure  11  shows  an  example  of  such  a  plot  when  no 
anaprop  is  present,  for  the  angular  sector  between  45° 
and  135°  (see  Figure  10).  The  parabola  indicates  the 
4/3  Earth  horizon. 

When  anaprop  is  present,  aircraft  tracks  become  vis¬ 
ible  well  below  the  horizon,  sometimes  right  down  to 
the  ground.  Figure  12  shows  SSR  responses  in  the 
45°-135°  sector  between  10:00  GMT  and  14:00  GMT 
on  1  August  1990.  The  parabolic  equation  path  loss 
contours  obtained  from  the  mesoscale  model  initial 
output  for  12:00  GMT  on  1  August  1990  are  shown  in 
Figure  13.  Strong  anaprop  is  visible  on  both  Figure  12 
and  Figure  13.  The  PE  simulation  shows  a  weak  sur¬ 
face  duct.  Although  the  duct  has  resulted  in  extended 
SSR  surface  coverage,  aircraft  landing  at  Schiphol  are 
lost  before  reaching  the  ground.  Also  note  the  radar 
hole  in  the  PE/mesoscale  forecast  above  the  low  duct¬ 
ing  area:  this  hole  is  also  visible  in  the  SSR  data.  (A 
more  detailed  analysis  of  the  data  of  Figure  12  shows 
that  most  of  the  aircraft  visible  at  low  altitude  lie  in 
the  105°-135°  sector;  the  descending  tracks  near  max¬ 
imum  range  lie  in  the  75°-105°  sector  and  disappear 
at  low  altitude). 

Figure  14  shows  the  diurnal  variation  of  anaprop  on 
1  August  1990:  the  6  plots  each  show  4  hours  of 
SSR  data  in  the  45°-135°  sector.  Anaprop  is  at  its 
strongest  in  the  morning,  with  aircraft  visible  below 
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the  horizon  right  down  to  the  ground.  The  low  level 
coverage  reduces  somewhat  in  the  afternoon,  but  is 
seen  to  return  in  the  late  evening,  despite  less  intense 
air  traffic.  This  diurnal  variation  could  in  principle  be 
forecast  using  the  PE  with  mesoscale  model  3-hourly 
output;  this  is  still  under  investigation. 

6  CONCLUSIONS 

The  extraction  of  3D  refractivity  maps  from  mesoscale 
model  output  is  now  a  realistic  alternative  to  direct 
measurements  of  refractivity.  The  U.K.  Meteorolog¬ 
ical  Office  mesoscale  model  already  has  the  capabil¬ 
ity  of  providing  refractivity  forecasts.  As  the  model 
evolves  to  allow  better  vertical  resolution  and  direct 
assimilation  of  radiosonde  profile  data,  the  quality  of 
refractivity  forecasts  should  improve. 

Propagation  solvers  based  on  the  parabolic  equation 
method  provide  an  ideal  tool  for  exploiting  3D  refrac¬ 
tivity  information.  We  have  shown  here  the  potential 
of  a  coupled  PE/mesoscale  package  for  3D  anaprop 
forecasting. 

Future  work  will  focus  on  the  difficult  and  expensive 
process  of  validation.  While  case  studies  using  ra¬ 
diosonde  and  RF  measurements  are  essential,  com¬ 
parisons  with  SSR  returns  provide  a  useful  qualitative 
assessment  of  PE/mesoscalc  predictions.  Besides  this 
validation  role,  the  monitoring  of  SSR  returns  gives 
an  easily  understandable  display  of  propagation  condi¬ 
tions  at  selected  sites.  This  technique  would  function 
quite  well  as  a  complement  to  a  quantitative  forecast¬ 
ing  package  based  on  mesoscale  output. 
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Table  2:  Relative  errors  between  minisonde  and  mesoscale  data 
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Figure  2:  Equivalent  potential  temperature  and  modified  refractivity  profiles  from  the  De  Bilt 
midday  radiosonde  ascent  on  2  August  1990. 


Figure  3:  Locations  of  Ilemsby  (H),  De  Bilt  (D)  and  Essen  (E)  radiosonde  stations. 


Figure  4:  Equivalent  potential  temperature  profiles  at  0:00  GMT  on  2  August  1990  derived  from 
(a)  radiosonde  ascents;  (b)  mesoscale  model  output. 


standard  conditions. 


Height  (■)  Height  (■)  Height  (a) 


Figure  9:  Calculated  path  loss  contours  corresponding  to  the  refractivity 
profiles  of  Figure  8. 
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Figure  14:  SSR  returns  observed  in  the  45°-135°  sector  at  Debdcn  on  I  August  1990.  Each  plot 
shows  successive  four  hour  periods  during  the  day,  beginning  at  midnight  at  the  top 
left,  and  increasing  from  left  to  right  and  top  to  bottom  down  the  page. 
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DISCUSSION 


K.  ANDERSON 

Are  the  SSR  data  used  operationally  for  air-defense  systems? 

AUTHOR'S  REPLY 

As  far  as  1  am  aware,  SSR  data  have  not  been  used  operationally  so  far. 


J.  GOLDHIRSH 

Could  not  low  elevation  radar  measurements  of  the  ocean  clutter  be  a  manifestation  of  the  ducting  conditions?  Why  not  use 
this  information  in  the  absence  of  aircraft  targets  to  provide  information  regarding  profile  conditions? 

AUTHOR'S  REPLY 

I  agree  that  sea  surface  or  ground  returns  from  anomalously  long  ranges  could  be  a  useful  indicator  of  anomalous  propagation 
conditions.  /  think  it  w-  old  be  much  more  difficult  to  deduce  profile  information  than  in  the  case  of  SSR  data.  Of  course  the 
SSR  data  also  have  the  advantage  of  showing  the  positions  of  coverage  holes  directly. 
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REFRACTIVE  ASSESSMENTS  FROM  SATELLITE  OBSERVATIONS 

by 

Jay  Rosenthal  and  Roger  Hehey 

Pacific  Missile  Test  Center 
Code  3250 
Point  Mugu 
CA  93042-5000 
United  States 


SUMHAKV 

Capabilities  of  estimating  ducting 
conditions  for  certain  ocean  regions  (and 
weather  regines)  from  meteorological 
satellite  data  are  under  development  at 
the  Pacific  Missile  Test  center,  in 
support  of  the  Navy's  Electromagnetic 
Propagation  Assessment  and  Tactical 
Environmental  Support  System  (TESS1 
program  offices,  visual  imagery  patterns 
are  used  to  infer  the  occurrence,  height 
and  Intensity  of  ducts,  while  processed 
infrared  (IK)  and  visual  imagery  are  used 
to  infer  the  spatial  distribution  of  duct 
heights.  Special  cloud  signature 
techniques  have  been  developed  on  a 
personal  computer  to  help  correct  for 
contamination  of  cloud-top  temperatures 
due  to  sea  and  cloud  anomaly  features 
which  impact  the  IH-duct  technique. 
Synoptic,  mesoscale  and  geographic 
influences  on  the  propagation  environment 
are  considered  as  part  of  the  effort  to 
develop  a  predictive  capability. 

1  INTRODUCTION 

A  major  need  in  assessing  refractlvity 
conditions  over  the  open  ocean  is  the 
capability  to  Infer  duct  occurrence,  height 


and  intensity  in  areas  that  are  near  void 
of  conventional  radiosonde  data.  To 
address  this  problem,  under  the  Navy's 
Electromagnetic  Propagation  Assessment, 
and  Tactical  Environmental  Support  System 
(TESS)  programs,  the  PHTC  Geophysics 
Division  is  developing  techniques  for 
relating  meteorological  satellite  data  to 
these  duct  variables.  As  discussed  by 
Kosenthal  and  Helvey,  et  al  (l),  both 
subjective  and  objective  approaches  have 
been  used  in  the  development  of  the 
techniques,  common  to  both  is  the 
conceptual  model  of  an  inversion-dominated 
weather  regime  (Figure  1)  with  iow  stratus/ 
stratocuaulus  clouds  that  are  lowest  and 
flattest  over  the  eastern  parts  of  the 
sub-tropical  oceans  where  the  overlyinn 
inversion  is  lowest  and  strongest.  In 
this  mode!  cloud  height  and  convective 
appearance  increase  to  the  west  and  south 
along  with  increasing  heinht  ana  weakness 
of  the  inversion.  This  trend  In  cloud  and 
Inversion  characteristics  is  routinely 
observed  on  satellite  imagery  and  is 
heavily  Influenced  by  both  the  underiyinq 
sea  surface  temperature  as  well  as  synoptic 
and  mesoscale  weather  factors. 


Figure  1.  Schematic  vlaw  of  typical  Invaralon  conditions  ovar  subtropical  ocean*,  (from 
reference  })  InvetalorVauper-refractlv*  layer  la  krwer  and  stronger  over  eestem  aide  off  ocean 
(with  stratus  (st)  below)  and  Is  higher  and  weaker  (with  penetrating  stratocumulua  (ac)  and 
cumulus  (cu)  In  western  side  ol  ocean.  A  typical  temperature  (T),  humidity  (H),  and  refractlvity 
(N)  profile  Is  shown  al  each  aide.  Optimum  coupling  height  (OCH)  la  near  the  cloud  top. 
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Also  from  reference  (l)  and  a  previous 
guidebook  prepared  by  Helvey  and  Sosenthal 
(2!,  is  a  visual  satellite  photo  (Figure  2) 
which  shows  relatively  subtle  but  orderly 
changes  in  low  cloud  appearance  and  cell 
size.  Also  seen  are  dramatic  changes  in 
cloud  characteristics  associated  with 
frontal  systems  and  open-celled  cuxulus  in 
the  unstable  air  behind  fronts. 

Superimposed  on  these  satellite  features 
are  indications  of  duct  occurrence  and 
height  based  on  derived  statistical 
relationships  between  cloud  appearance  and 
ducting  conditions  as  deterained  from 
several  thousand  radiosonde  soundings  f roe 
the  eastern  and  central  Pacific. 

Since  those  earlier  models  were  described 
in  references  (l)  and  (2],  and  also  by 
Rosenthal,  westernan  and  Helvey  (3J,  there 
have  been  efforts  to  fine-tune,  test  and 
evaluate  some 'of  these  assumed 
relationships.  This  had  led  to  their 
summarization  into  rules  to  be  used  in  an 
expert  system  in  TBSS  which  factors  in 
synoptic,  aesoscale  and  climatological 
relationships  as  well  as  satellite 
inferences,  while  much  of  these  efforts 
a  'atistical  and  quantitative,  there  is 
strong  subjective  element 
.  ted  with  the  interpretation  of 

sa-  te  imagery  cloud  patterns. 


2 _ 18-DUCT  TECHNIQUE 

In  parallel  with  the  sublective- 
statistlcal  cioud  pattern  recognition 
technique  has  been  an  on-going  effort  to 


provide  more  automated,  objectively- 
derived  duct  height  estimates  from  the 
processing  of  infrared  (IB)  satellite 
imagery.  Termed  the  la-duct  technique  and 
described  in  reference  (1J,  the  approach 
was  originally  developed  by  Lyons  {«!,  fs) 
using  concepts  introduced  by  Lee  i6)  for 
distinguishing  stratus  from  sea  surface 
ieatures,  and  subsequently  refined  by 
Helvey  as  described  by  Fisk  and  Helvey  (7) 
IB  bnnhtness  values  are  used  to  calculate 
cloud-top  temperatures  using  and  adapting 
the  software  first  developed  by  Nagle  and 
zeleny  as  described  by  Schramm,  et  al  (81. 
Using  this  capability,  spot  cloud-top 
temperatures  are  obtained  across  selected 
paths  or  regions  of  sub-tropical  stratus 
or  stratocumulus  sheets. 

Based  on  statistics  from  over  4,000  radio¬ 
sonde  profiles,  seasonal  mean  profiles 
were  derived  which  then  became  the  basis 
of  converting  the  cloud-top  temperature 
to  a  calculated  height  of  duct  base,  top 
and  optimum  coupling  height  (OCH).  These 
are  displayed  along  with  cloud  top 
temperature  in  an  overlay  to  either 
visual  or  18  imagery  (Figure  3).  The  OCH, 
located  at  approximately  the  cloud-top 
altitude  is  where  the  energy  in  a  duct  is 
most  effectively  coupled.  Sea  surface 
temperatures,  as  discussed  by  Sosenthal 
and  Helvey  (1),  (2),  have  a  major  Impact 
on  the  seasonal  profiles  and  duct  heights, 
and  was  Included  as  a  geographical  and 
seasonal  factor  in  the  ?mz  algorithms 
used  In  the  IR-duct  technique. 


Flgura  2.  GOES  Imagary  lor  2145  GMT,  1 5  Nov.  H#0,  ahowing  typical  wlntartlm# 
synoptic  faatura*  ova:  north  pacific  auptrlmpoaad  by  Indication*  of  probabl* 
ralractlva  atructur*.  (from  rafaranc*  2) 
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Figure  3.  PMTC  setelQie^R  duct  height  technique.  Shown  ere  3  mu 
ol  values  superimposed  on  IR  knege  with  duel  lop,  OCH  and  tfuc(  bese 
(In  lens  ol  feel)  dtepleyed  lo  Wit,  end  cloud  log  temperature  to  right  al 
point. 


Since  the  profile  shape  and  intercept 
point  are  driving  factors  In  how 
accurately  the  duct  height  can  be 
calculated,  work  has  continued  on  making 
the  profiles  more  realistic.  Figure  4  is 
a  plot,  with  best-fit  curve  of  inversion 
base  altitude  vs.  relative  temperature 
(inversion  case  temperature  minus  the  sea 
surface  temperature)  for  a  data  set 
obtained  by  Nei burner,  Johnson  and  Chien 
(9j  during  the  1949-19S2  UCLA  cruise  of 
the  Eastern  North  Pacific. 

This  figure  is  an  example  of  results  from 
statistical  analysis  of  one  of  a  number 
of  oceanic  upper-air  databases  being 
compiled  to  provide  a  basis  for 
converting  cloud-top  temperatures  into 
altitude.  The  top  of  the  marine  layer, 
tops  of  Imbedded  stratocumulus  clouds, 
and  the  base  of  the  overlying  subsidence/ 
trade  wind  Inversion  are  all  more  or  less 
coincident.  Temperatures  are  expressed 
relative  to  that  of  the  underlying  >ea 
surface  (SST),  since  the  latter  exerts  a 
great  influence  on  conditions  in  the 
marine  air  mass.  Iv  is  evident  from  this 
and  other  data  plots  that  this  temperature 
offset  approaches  zero  as  the  marine  layer 
becomes  shallower.  T.ius,  the  best-fit 
curve  shown  was  constrained  to  pass 
through  dT=0  at  2=0.  A  parabola  was  used, 
to  accommodate  the  noticeable  tendency 
for  more  stable  lapse  rates  overall  in 
the  case  of  deeper  marine  layers;  this 
may  reflect  the  likely  predominance  of 
dry-adiabatic  conditions  below  some 
typical  range  of  condensation  levels,  and 
moist-adiabatic  above. 

These  data  were  obtained  over  a  rather 
large  region,  at  various  times  of  year, 
weather  types  and  cloud  conditions.  It 
should  be  possible  to  improve  the  curve 
fit  by  consideration  of  these  factors. 

In  particular,  the  data  need  to  be 
evaluated  for  probable  low  cloud  coverage 


because  of  two  considerations:  The 
intended  application  requires  presence  of 
marine  stratus/stratocumulus  to  permit 
detection  and  remote  sensing  of  cloud  top 
temperatures  by  satellite;  and  the  cases 
with  substantial  marine  clouds  tend  to 
exhibit  a  more  uniform  height-temperature 
relationship,  because  of  the  vertical 
stirring  induced  by  radiative  cooling 
from  the  cloud  tops.  Another  factor  to 
be  investigated  involves  atmospheric 
response  to  changes  in  the  SST;  since 
this  cannot  be  instantaneous,  with 
greater  lag  for  deeper  marine  air  masses, 
biases  in  the  local  height-temperature 
relationship  can  be  expected  dependent 
upon  wind  speed,  and  direction  relative 
to  the  SST  gradient  in  the  region  of 
interest. 

3  ANALYZING  CLOUD  SIGNATUBES 

One  of  the  inherent  limitations  of  the  IR 
duct  technique  is  the  uncertainty  in 
derived  cloud-top  temperature  due  to 
contamination  from  radiance  from  the  sea 
surface  in  areas  where  cloud  cover  is 
thin  or  incomplete.  Also  important  is 
the  representativeness  of  the  selected 
cloud- top  temperatures  in  areas  where  the 
low  clouds  exhibit  variations  in  height 
and/or  brightness.  In  order  to  provide  a 
means  of  diagnosing  these  contaminations, 
and  developing  a  method  for  automatic 
correction  of  these  uncertainties,  one  of 
us  (Helvey)  has  developed  an  interactive 
cloud  signature  analysis  scheme 
implemented  on  an  Amiga  desktop  computer. 
The  technique  uses  principles  previously 
examined  by  Haul  (10)  and  coakley  and 
Bretherton  (11).  The  underlying 
assumption  here  is  that  typical  cloud 
structures  observed  regularly  on 
satellite  Imagery  exhibit  definable 
signatures  of  IR  radiance  and  visual 
brightness.  The  approach  is  to  use  both 
the  visual  and  IR  data  to  characterize 
these  cloud  signatures,  and  an  insert  or 
window  of  the  derived  data  can  be  over- 
layed  on  either  the  visual  or  Infrared 
image.  An  example  of  this  approach  is 
shown  in  Figure  5. 


This  visual  image  consists  of  260,000 
pixels  (649  elements  by  400  lines),  each 
covering  somewhat  more  than  16  square 
kilometers.  The  scene  contains  ocean, 
land  and  various  amounts  and  kinds  of 
clouds.  Each  type  of  scene  element  can 
be  associated  with  certain  characteristic 
ranges  of  temperature  and  radiance  (0.SK 
per  raw  count  value)  and  brightness  (or 
albedo),  as  indicated  on  the  scatter  plot. 
The  thresholds  were  selected  somewhat 
arbitrarily,  but  illustrate  how  a 
preliminary  classification  of  pixels  can 
be  made  to  automatically  identify  the 
features  of  Interest  (ocean  and  low 
clouds)  for  diagnosing  marine  layer 
depth  and  associated  duct  Optimum 
coupling  Height  (OCH). 
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inv  base  temp  -  sst  ©eg  c) 

Figure  4.  Inversion  base  holght-temperature  relationship  (for  UuLA  1949*1952 
Eastern  North  Pacific  Cruise  data). 


when  the  technique  Is  applied  to  (l)  MID/HIGH  clouds  In  frontal  area  at 

situations  where  there  are  significant  upper  left  of  Image  are  cold  and  bright, 

differences  In  cloud  top,  height.  The  degree  of  scatter  indicates 

brightness  and  type  associated  with  considerable  inhomogeneity  in  cloud  top 

synoptic  events,  the  different  signatures  altitudes  and  coverage  from  pixel  to 
are  readily  distinguishable.  For  example,  pixel,  with  multiple  layers  likely, 
in  Figure  6  are  both  extensive  stratus/ 

stratocumulus  fields  off  the  California  (2)  sTRATOCUMUms  clouds  off  the 

and  8a1a  coasts  with  large  cellular  and  California  coast  are  warmer,  with  large 

appearance  fluctuations,  as  well  as  mid  variations  in  brightness,  but  fairly 

and  high  level  clouds  associated  with  an  small  range  in  IR  temperatures  (and 
organized  frontal  band  over  the  Pacific  cloud  top  altitudes), 

ocean  approaching  the  West  Coast.  For 

those  cloud  conditions  contained  in  the  (3)  DESERT  terrain  in  the  interior  of 

white  boxes  over  the  ocean,  coastal  and  California  and  Arizona  is  very  warm 

land  areas  are  corresponding  IR/visual  (local  time  is  near  midday),  and  of 

brightness  signatures  In  the  scatter  intermediate  brightness. 

plots  shown  in  the  window  in  the  upper 

right  corner  of  the  figure.  The  pixels 

in  the  scatter  plot  In  this  and 

succeeding  figures  represent  averages 

over  about  64  square  kilometers.  The 

following  differences  in  appearance  and 

data  plots  are  noted: 
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Figures.  GOES  visual  Image  for  2031Z14JutM(centered on  Callfor>'le)  MSET: 
Scatter  plot  of  IR  vs  VIS -COUNTS*  for  all  pixels  In  Image. 


Figure  6.  GOES  vleutl  Image  for  2031Z14  Jul  WfsameseFIg.S)  INSET:  IRve 
visual  pixel  scatter  plot  for  areas  In  boxes  on  Image. 
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within  each  of  the  areas  examined,  there 
are  non-uni  tors  fluctuations  in  bright¬ 
ness.  The  analysis  technique  can  be 
applied  to  much  smaller  units  within 
these  regions  so  that  individual 
characteristics  can  be  systematically 
studied.  This  is  shown  in  Figure  7. 


portion  of  the  region  of  interest  is 
likely  to  be  excluded  thereby  from  eval¬ 
uation.  A  method  of  correcting  for  this 
effect  is  being  developed,  to.  increase 
the  area  over  which  duct  height  estimates 
can  be  made. 


The  uppermost  distribution  is  for  the 
indicated  portions  of  an  area  of  strato- 
cunulus  off  the  northern  Cal. forma  coast. 
The  temperatures  are  rather  uniformly 
cold  (about  4.8C),  so  that  the  tops  must 
be  fairly  flat  and  high.  Nevertheless,  a 
considerable  variation  of  brightness  is 
apparent. 

The  next  lower  distribution  is  from  the 
cool  stratocumulus  (about  6.8C)  and  ocean 
off  central  California.  Note  the 
uniformly  dark  and  relatively  warm  cluster 
(counts  VIS=40,  13=88)  characteristic  of 
sea  surface  conditions.  Also  note  the 
uniformity  in  13  pixel  values  for  vis 
counts  greater  than  about  HO;  this 
suggests  a  threshold  in  reflectivity 
beyond  which  the  cloudy  pixel  is 
effectively  opaque  to  upwelling  radiance 
from  the  sea  surface,  conversely,  below 
this  threshold  there  is  an  approximately 
linear  relationship  between  IR  and  VIS 
counts,  a  similar  situation  occurs  for 
the  next  two  lower  scatter  features, 
representing  an  area  southwest  of 
California  (coldest  pixels  about  11.8C), 
and  another  adjacent  to  Baja  California 
(coldest  about  15.3C);  the  flat  IR 
portion  is  hardly  present,  however.  This 
indicates  that  for  these  areas  there  were 
very  few  completely  cloudy  pixels  -  note 
the  many  small  stratocumulus  elements 
indicating  scattered  to  broken  conditions, 
or  thin  and  translucent  stratus 
(especially  off  Baja  California). 

The  accuracy  of  cloud  top  temperatures 
from  satellite  IR  data  will  have  a  maior 
Impact  on  reliability  of  derived 
elevated  duct  height  estimates.  The 
presence  of  moisture  above  the  marine 
layer  will  tend  to  make  the  cloud  tops 
appear  too  cold,  and  hence  too  high. 

Unless  application  of  more  sophisticated 
multi-band  techniques  Is  feasible,  this 
problem  may  be  minimized  by  limiting  the 
analysis  to  areas  where  general  synoptic 
features  (and  subjective  guidance  from 
satellite  imagery)  indicate  dry 
conditions  aloft.  On  the  other  hand,  as 
described  above,  temperatures  for  pixels 
which  are  not  completely  filled  by  clouds 
opaque  to  IR  radiation  from  the  surface, 
wi 1 1  appear  somewhat  warmer  than 
representative  of  cloud  tops  In  the 
region,  and  therefore  too  low.  By 
limiting  application  of  the  iR-duct 
assessment  to  pixels  whose  corresponding 
visual  brightness  exceeds  a  certain 
threshold  (dependent  on  illumination  and 
viewing  angles,  or  date,  time  and 
location),  it  should  be  possible  to  a'rold 
this  contamination  by  sea-surface 
temperature.  This  is  the  approach  that 
we  have  used  so  far,  although  it  is  done 
subjectively  since  the  appropriate 
brightness  thresholds  have  not  yet  been 
establisned.  Because  many  regions  and 
individual  pixels  are  not  completely 
cloud-covered,  however,  a  considerable 


4  PARTIAL  COVERAGE  CONTAMINATION  AND 
A  POSSIBLE  SOLUTION 

In  order  to  develop  an  operationally 
useful  and  reliable  version  of  the  IR- 
duct  technique  in  TESS,  -some  systematic 
and. consistent  basis  of  correcting  for 
brightnessrrelated  ambiguities  must  be 
incorporated.  The  near- linear  arrange¬ 
ment  of  pixels  from  each  region  in  Figure 
7,  between  the  sea  surface  cluster  and 
the  brightness  threshold,  suggests  a 
basis  for  correction.  The  cloud-top 
temperature  can  be  determined  directly 
from  the  flat  IR  portion  to  the  right  of 
the  critical  brightness  threshold,  if 
present.  If  the  region  does  not  contain 
sufficient  numbers  of  completely  cloudy 
pixels,  a  cloud-top  temperature  may  be 
estimated  by  extrapolating  along  the 
sloping  part  of  the  scatter  distribution, 
to  the  IR  temperature  at  the  brightness 
threshold.  (A  sea  surface  temperature 
could  be  estimated  in  the  same  way,  by 
extrapolating  down  to  the  IR  value  at  the 
characteristic  ocean  brightness.)  simple 
expressions  for  the  relationship  between 
fractional  cloud  cover,  satellite- 
measured  albedo  V  in  the  visible  channel 
and  radiance  I  in  the  thermal  IR  channel 
have  been  given  by  Chou,  et  al  [12), 
which  can  be  combined  to  give: 


»ovc  =  rclr  +  (Ipix  *  W  *  ,Vovc  - 


W'  (vpix  -  Vclr> 


where  the  subscripts  are  abbreviations 
for  overcast,  clear,  and  actual 
(observed)  pixel  values.  For  the  ranges 
of  temperature  and  albedo  values  of 
concern  here,  raw  ’count"  units  as 
received  from  the  satellite  can  De  used 
with  little  error  (as  suggested  by  the 
more  or  less  linear  scatter  distribution 
up  to  the  effective  overcast  threshold). 

A  special  technique  for  determining  the 
best  (least  squares)  two-segment  line  fit 
for  the  observed  scatter  distributions 
has  been  devised.  After  more  study  to 
establish  appropriate  brightness 
threshold  values,  it  should  be  able  to 
automatically  provide  equivalent  cloud- 
top  IR  temperatures,  even  If  not  overcast 
pixels  are  present,  if  a  statistically 
sufficient  sample  of  pixels  with  various 
lesser  cloud  amounts  is  available  in  the 
region. 

The  inset  in  Figure  8  shows  a  scatter 
distribution  and  fitted  lines,  for  a  32 
by  32  kilometer  region  to  the  southwest 
of  California.  The  vertical  lines  coming 
up  from  the  base  of  the  graph  indicate 
the  total  goodness  of  fit  for  various 
positions  of  the  partition  between 
sloping  (partly  cloudy)  and  flat  (over¬ 
cast)  portions  of  the  distribution.  The 
VIS  count  at  the  best-tit  partition 
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position  (vertical  dotted  line)  is  at 
the  critical  brightness  threshold  value 
for  this  particular  sample.  IR 
temperatures  were  determined  for  this 
case  and  a' number  of  other  regions 
where  a  set  of  points  at  uniform  IR 
values  gave  direct  indication  of  cloud- 
top  or  sea  surface  temperatures;  as 
mentioned  above,  the  slope-extrapolation 
method  is  not  ready  for  use  yet.  The 
temperatures  are  plotted  on  the  VIS  image 
in  deg  C,  and  appear  to  be  In  reasonable 
agreement  with  the  features  in  that  image, 
although  for  Interpretation  In  terms  of 
altitude,  the  temperature  of  the  ocean 
surface  needs  to  be  taken  into  account. 

5  INTERIM  VERSION  OF  IS-DUCT 
TECHNIQUE 

Until  the  above  analysis  scheme  is  fully 
automated  within  the  IR-duct  technqiue, 
certain  elements  can  be  combined  for  use 
in  a  semi -manual,  interim  version  for  use 
on  a  Personal  computer  (PC)  with  data 
ingest  from  the  MCIDAS-based 
Meteorological  Interactive  Data  Display 
system  (MIDDS)  workstation  operational  at 
PMTC.  The  essential  steps  of  this 
Interim  technique  are  summarized  as 
fol lows: 

(1)  use  MIDDS  to  pick  marine  cloud  over¬ 
cast  points  on  Vis  image,  and  obtain 
coordinates  (Lat,  Lon). 

(2)  use  midds  to  get  temperatures  of 
corresponding  points  on  IR  image. 

(3)  Use  PC  program  to: 

a)  obtain  mean  (climatological)  or 
analysis  SST  for  each  point  by  inter¬ 
polating  to  given  Lat,  Lon  in  SST  table 
for  current  season,  or  from  analysis  if 
available. 

b)  compute  for  each  point:  dT  = 

Tc  -  Ts 

where  Tc  =  IR  cloud-top  temperature 
Ts  =  climatological  or 
analysis  SST 

c)  compute  altitude  for  each  point, 
using  height  vs.  temperature  relationship 
for  current  region  and  date:  Zc  =  b  *  dT 

where  b  =  parameter  for  given 
region  &  date 

NOTE:  Analyst  must  insure  that  each 
point  selected  is  overcast,  and  that 
there  is  minimal  upper-level  moisture 
(check  weather  charts,  satellite 
pictures  -  water  vapor  imagery). 

6  CONCLUSIONS 

Both  subjective  and  objective  Interpreta¬ 
tion  of  mete'ioiogica!  satellite  imagery 
patterns  have  great  potential  for 
inferring  duct  existence,  height  and 
intensity  over  the  open  ocean  In  sub¬ 
tropical  inversion-dominated  regions 
typically  covered  by  stratus  and  strato- 
cumulus  clouds.  The  PMTC  IR-duct 
technique,  especially,  provides  a 
potentially  automated  means  of  mapping 
out  the  propagation  environment  in  a  way 
that  can  quickly  address  naval  operating 


problems,  and  serve  as  one  input  to  range- 
dependent  propagation  models  under 
development  by  Hitney  (13)  at  NOSC,  San 
Diego. 

Contamination  of  cloud-top  temperatures 
used  in  this  IR-duct  technique  from  sea 
surface  radiance  and  cloud  anomalies  is  a 
limitation  to  its  use;  however,  current 
cloud  signature  analysis- techniques  under 
development  at  PMTC  offer  promise  as  a 
means  of  systematically  correcting  for 
these  limitations. 
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DISCUSSION 


J.  GOLDHIRSII 

Could  you  elaborate  on  validation  of  the  technique  to  arrive  at  duct  height  using  cloud  measurements? 

AUTHOR’S  REPLY 

Several  indepetulent  evaluations  were  conducted  previously.  These  showed  that  duct  heights  estimated  from  the  satellite  IR 
duct  technique  were  within  about  400 feet  of  those  determined  from  radiosonde,  approximately  80%  of  the  lime.  Errors  are 
due  to  both  upper  level  moisture  (which  can  be  minimized  by  using  water  vapor  imagery  to  select  dry  areas  aloft)  and  the 
radiance  contamination  from  the  underlying  sea  surface,  which  can  be  minimized  by  Mr>  Helvey's  technique  that  I  just 
described. 
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1.  SUMMARY 

For  this  application,  virtually  sensed  data  is  defined  as 
the  output  from  a  combination  of  satellite-based  remote 
sensing  instruments  that  have  been  blended  with  data 
from  a  numerical  weather  prediction  model/data 
assimilation  system  and  processed  by  an  algorithm. 
Such  a  “virtual  sensor"  is  described  to  assess 
evaporation  ducts  over  marine  regions.  In  this  study, 
the  sensitivity  of  four  evaporation  duct  height 
algorithms  to  data  errors  are  examined  and  the  results 
are  expressed  in  terms  of  the  duct  height  error  versus 
parameter  error.  The  data  set  used  was  generated 
parametrically  so  a  large  variation  of  environmental 
conditions  could  be  considered.  The  errors  imposed  on 
the  data  represent  uncorrelated  random  errors  associated 
with  satellite-based  remote  sensing  inaccuracies.  The 
study  shows  that  although  the  evaporation  duct  height 
algorithms  have  different  genealogies,  they  have  simitar 
sensitivities.  The  conclusions  represent  a  best  case 
scenario  because  of  the  omission  of  some  sources  of 
error  and  the  assumption  of  horizontal  homogeneity  in 
the  near-surface  refractivity  field  over  a  typical  satellite 
sensor  footprint. 

2.  INTRODUCTION 

The  evaporation  duct  height  is  defined  as  the  height 
above  the  sea  surface  where  the  sharp  decrease  in 
ambient  humidity  with  height  causes  the  vertical 
gradient  of  refractivity  to  become  equal  to  the  critical 
value  required  for  trapping  (Fig.  1).  The  problem  of 
remotely  sensing  the  evaporation  duct  is,  therefore, 
closely  tied  with  that  of  sensing  the  surface  turbulent 
heat  flux,  which  largely  determines  the  vertical 
gradients  of  temperature  and  moisture,  and  thus  of 
refractivity  as  well.  Unfortunately,  satellite-based 
remotely  sensed  measurements  of  atmospheric 
refractivity  with  sufficiently  high  resolution  to  describe 
near-surface  profiles,  such  as  those  shown  in  Figure  1, 
will  not  be  available  in  the  foreseeable  future.  The 
evaporation  duct  height  can,  however,  be  inferred  from 
meteorological  measurements  by  using  flux-profile 
relationships  that  are  based  on  the  semi-empirical 
similarity  theory  originally  developed  by  Monin  and 
Obukhov  (Ref.  1).  In  general,  similarity  theory  relates 
bulk  measurements  of  sea  surface  temperature  and 
reference  height  values  of  air  temperature,  humidity, 
and  wind  speed  to  the  near-surface  fluxes  of 
momentum,  heat  and  moisture. 


In  practice,  these  bulk  parameters  are  difficult  to 
measure  accurately  using  satellite-based  remote  sensing 
techniques.  Sea  surface  temperature  (Ts)  and  near¬ 
surface  wind  speed  (U)  or  stress  are  the  most  common 
and  best  understood  of  these  satellite  measurements. 
With  the  improved  instruments  planned  for  the  Earth 
Observing  System  (Eos),  such  as  the  Advanced 
Microwave  Seaming  Radiometer  (AMSR),  the 
Advanced  Medium  Resolution  Imaging  Radiometer 
(AMRIR),  and  the  Moderate-resolution  Imaging 
Spectrometer  (MODIS),  all  weather  measurements  of 
Ts  should  be  consistently  available  with  approximately 
0.5  °C  accuracy  (Refs.  2  and  3).  This  is  comparable 
with  current  techniques  such  as  the  multichannel  sea 
surface  temperature  (MCSST)  product  which  utilizes 
infrared  Advanced  Very  High  Resolution  Radiometer 
(AVHRR)  data  (Ref.  4).  The  Eos  AMSR  and 
scatterometer  (SCATT)  instruments  should  also  be  able 
to  measure  U  with  approximately  0.5  m  s'1  accuracy 
(Ref.  2),  which  compares  to  approximately  2  m  s'1 
currently  reported  for  both  the  Scanning  Multichannel 
Microwave  Radiometer  (SMMR)  and  the  Special  Sensor 
Microwave/Imager  (SSM/I)  instruments  (Ref.  5).  The 
other  two  parameters,  boundary  layer  air  temperature 
(or  air-sea  temperature  difference)  and  humidity,  are 
much  more  difficult  to  measure  using  satellite-based 
remote  sensing  techniques.  Hsu  and  Blanchard  (Ref.  6) 
apply  an  algorithm  developed  by  Liu  (Ref.  7)  to  relate 
measurements  of  columnar  water  vapor  (W)  from 
radiosonde  profiles  to  surface  specific  humidity  (q)  and 
report  an  rms  error  of  approximately  1  g  kg',  which  is 
about  the  accuracy  reported  by  Liu  and  Niiler  (Ref.  8) 
for  monthly  mean  values  of  q^  computed  using  SMMR 
estimates  of  W.  Developmental  satellite-based  remote 
sensing  instruments  for  measuring  W,  such  as  the  Eos 
Advanced  Microwave  Sounding  Unit  (AMSU),  should 
be  improved  by  contributions  from  the  Eos  Lidar 
Atmospheric  Sounder  and  Altimeter  (LASA).  LASA 
could  be  used  to  measure  the  thickness  of  the  marine 
atmospheric  boundary  layer  and  AMSU  should  be  able 
to  determine  W  within  the  layer  to  between  5-10% 
(Ref.  2).  The  measurement  of  near-surface  air 
temperatures  (T)  will  require  the  combination  of  data 
from  AMSU  and  the  infrared  radiometers  on  the  High 
Resolution  Imaging  Spectrometer  (HIRIS)  which  should 
result  in  better  measurements  than  either  system  alone 
(Ref.  2).  High-resolution  temperature  retrieval  will  still 
be  a  major  challenge;  however,  by  synergistically 
combining  satellite-based  remotely  sensed  temperature 
and  humidity  data  with  output  from  a  numerical  weather 
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prediction  model/data  assimilation  system,  a  significant 
amount  of  the  measurement  uncertainty  may  be 
corrected.  Such  a  system  is  the  best  known  space-time 
interpolator  of  meteorological  data  (Ref.  9)  and  if 
developed  specifically  for  refractivity,  would  provide  a 
unique  means  to  interpret  the  measured  data.  This 
system  can  be  called  a  "virtual  sensor"  because  the 
parameter  of  interest  (the  evaporation  duct)  is  not 
sensed  directly,  but  indirectly  through  a  combination  of 
sensor  outputs  that  are  assimilated  using  the  physics  of 
a  dynamical  model  and  then  processed  by  a  semi- 
empirical  algorithm.  This  concept  is  fairly  simple,  but 
it  is  not  clear  what  impact  the  proposed  sensor  and  data 
inaccuracies  will  have  when  evaporation  duct  heights 
are  derived  in  this  fashion.  The  purpose  of  this  study 
is  to  assess  the  magnitude  of  these  errors  for  a  variety 
of  evaporation  duct  height  assessment  techniques. 

The  approach  used  in  this  study  is  to  apply  a 
methodology  similar  to  that  described  in  Cook  (Ref.  10) 
for  evaluating  the  sensitivity  of  operational  evaporation 
duct  algorithms  to  the  satellite-based  remote  sensing 
data  inaccuracies  described  above.  The  meteorological 
data  base  used  here  as  input  to  the  evaporation  duct 
height  algorithms  is  developed  parametrically,  thereby 
easily  encompassing  a  wide  range  of  meteorological 
situations.  Understanding  these  sensitivities  is 
important  because  in  many  cases  the  calculated  duct 
height  is  not  used  independently,  it  is  input  to  another 
product,  for  example,  a  radar  performance  depiction  or 
a  counterdetection  assessment,  which  may  have 
significant  operational  consequences. 

3.  EVAPORATION  DUCT  ALGORITHMS 
As  implied  above,  there  is  no  universally  accepted 
scheme  for  estimating  evaporation  duct  heights.  Here, 
four  schemes  are  chosen  for  error  analysis.  All  of  the 
algorithms  are  described  in  detail  in  Cook  (Ref.  10), 
but  for  clarity  they  are  briefly  described  here.  The  first 
algorithm  is  developed  following  Cook  and  Burk  (Ref. 
11)  by  noting  that  meteorological  applications  of 
similarity  theory  are  frequently  used  to  compute  vertical 
profiles  of  potential  temperature  (0)  and  specific 
humidity  (q)  within  the  surface  layer  by  using  the 
integrated  forms  of  the  similarity  expressions  (Ref.  12). 
This  methodology  was  used  to  compute  high  resolution 
0  and  q  profiles  from  0  to  40  m  and  then  the  modified 
index  of  refraction  (M)  and  dM/dz  profiles  were 
constructed  from: 


M  =  N+  — xlO6  =  Af+0.157z, 
a 

where  A  and  B  ?re  constants,  equal  to  77.6  °K  mbar'1 


and  4810  '  K  respectively  (Ref.  13),  t  *  0.622,  and  a 
is  the  mean  Earth  radius,  6.371  x  ltf*  m.  Pressure,  P, 
was  computed  hydrostatically  away  from  the  reference 
height.  The  duct  height  (0)  is  the  level  within  the 
profile  where  dtJdz  reaches  its  critical  value 

+0.157  =  —  +0.157  =  0. 

Hereafter,  values  of  0  calculated  with  this  scheme  will 
be  labeled  "direct"  and  written  0D.  An  example  of  0D 
computed  for  a  specific  subset  of  meteorological 
conditions  is  shown  in  Figure  2a. 

Thompson  (Ref.  14)  describes  an  evaporation  duct 
height  algorithm  currently  in  operational  use  at  the  Fleet 
Numerical  Oceanography  Center  (FNOC).  This 
algorithm  is  developed  by  taking  the  total  vertical 
derivative  of  refractivity  and  equating  it  to  the  critical 
refractivity  gradient  which  occurs  at  the  duct  height: 

dN\  a§NdT+dNd£+3NdP  (2) 
dz)°dTdz  dq  dz  dP  dz  ' 

The  partial  derivatives  are  computed  from  (1)  and 
dP/dz  is  approximated  by  the  hydrostatic  equation.  The 
remaining  derivatives,  dT/dz  and  dq/dz,  are 
approximated  by  similarity  expressions  assuming 
horizontally  homogeneous  conditions.  Temperature, 
however,  is  not  a  similarity  variable;  properly,  potential 
temperature  should  be  used  instead.  This  is  one  of 
many  simplifying  assumptions  used  in  this  derivation; 
the  resulting  expression  is  plotted  in  Figure  2b  and 
values  of  0  calculated  with  this  scheme  will  be  labeled 
"GSCLI"  and  written  0O.  The  acronym  GSCLI  stands 
for  the  ’Global  Surface  Contact  Layer  Interface"  model 
that  employs  this  algorithm  at  FNOC.  The  figure 
shows  that  for  these  environmental  conditions,  0„  and 
0O  exhibit  similar  behavior  under  unstable  conditions, 
but  0O  can  be  significantly  less  than  0D  under  stable 
conditions. 

A  refractivity  quantity  that  does  not  vary  with  pressure 
is  potential  refractivity.  It  has  been  used  by  numerous 
researchers  as  a  similarity  variable  when  investigating 
near-surface  refractivity  (e.g.,  Jeske  (Ref.  15); 
Thompson  (Ref.  14);  and  Paulus  (Ref.  16))  and  is  the 
basis  of  the  other  evaporation  duct  height  algorithms. 
Potential  refractivity  (x)  microwave  frequencies  is 
defined  as  (Ref.  13); 


where  ep  is  a  potential  water  vapor  pressure  referenced 
to  the  1000  mb  level  (P0)  (Ref.  17). 
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Applications  of  x  are  used  toassess  the  duct  height 
corresponding  to  the  critical  potential  reffactivity 
gradient.  This  is  accomplished  by  assuming  x  behaves 
as  a  similarity  variable;  this  methodology  was  derived 
by  Jeske  and  uses  a  different  implementation  of 
similarity  theory  instead  of  the  Liu  et  al.  (Ref.  12) 
scheme.  As  shown  in  Cook  and  Burk,  however,  x  does 
not  follow  similarity  theory  under  all  conditions.  The 
algorithm  was  subsequently  installed  in  the  Integrated 
Refractive  Effects  Prediction  System  (IREPS)  (Ref.  18) 
and  is  in  operational  use  by  the  Navy  at  sea. 
Evaporation  duct  height  estimates  using  this  technique 
are  shown  in  Figure  2c  and  will  be  written  as  0t  and 
labeled  "IREPS"  hereafter. 

A  well  known  undesirable  aspect  of  the  IREPS 
algorithm  which  can  be  seen  in  Figure  2c  is  the  high 
duct  heights  computed  for  near-neutral  conditions 
(air-sea  temperature  difference  (ASTD)  close  to  zero) 
(Ref.  19).  To  solve  the  problems  inherent  in  IREPS, 
Paulus  (Ref.  19)  developed  an  empirical  correction. 
Using  high  quality  buoy  data  for  support,  Paulus  argued 
that  operationally,  error  prone  environmental  data 
resulted  in  the  use  of  the  stable  form  of  the  similarity 
expressions  too  frequently.  Paulus'  correction  was  to 
limit  0,  to  the  value  computed  using  an  air-sea 
temperature  difference  of  -1  °C  (with  a  fixed  relative 
humidity)  if  the  value  of  0t  associated  with  the 
measured  data  was  larger  than  the  value  of  0,  calculated 
at  the  fixed  -1  °C  air-sea  temperature  difference. 
These  results  are  shown  in  Figure  2d  and  show  severe 
truncation  under  near-neutral  and  stable  conditions. 
They  will  be  labeled  "Paulus"  hereafter  and  denoted  0r. 

4.  METHODOLOGY 

The  methodology  used  here  to  evaluate  the  sensitivity 
of  the  evaporation  duct  height  algorithms  to  satellite- 
based  remote  sensing  data  inaccuracies  closely  follows 
that  described  in  Cook  (Ref.  10)  for  in  situ  data  errors. 
Evaporation  duct  height  errors  are  calculated  by  first 
computing  the  duct  height  without  considering  any  data 
errors,  then  iteratively  recomputing  the  duct  height, 
cycling  thiough  each  of  the  data  errors  one  error 
incremeut  at  a  time  and  calculating  a  new  duct  height 
and  the  difference  (error)  between  the  duct  heights. 
The  errors  for  each  parameter  are  evaluated 
sequentially  and  classified  according  to  stable  or 
unstable/neutral  conditions.  The  resulting  data  sets  of 
evaporation  duct  height  error  are  then  averaged  for  each 
increment  of  data  error  and  plotted. 

As  explained  in  the  previous  section,  evaporation  duct 
height  estimates  are  functions  of  sea  surface  tempera¬ 
ture  (Tj),  and  reference  height  values  of  air  temperature 
(T),  wind  speed  (U),  and  specific  humidity  (q). 
Consistent  with  operational  algorithms  (e.g.,  Paulus 
(Ref.  16)),  the  reference  height  used  here  is  fixed  at  six 
meters  and  the  reference  height  pressure  fixed  at  1000 


mb.  Although  this  is  obviously  an  oversimplification 
for  satellite  measurements,  Blanc  (Ref.  20)  found  that 
the  influence  of  typical  shipboard  barometric  pressure 
and  altitude  measurement  uncertainties  combined 
amounted  to  less  than  1%  error  in  the  bulk-derived 
parameters  examined. 

Since  i.  large  measured  data  set  was  not  available  for 
this  study,  a  parametric  approach  was  used  to  generate 
the  necessary  data  by  uniformly  cycling  through  all 
possible  combinations  of  parameters.  This  resulted  in 
6160  sets  of  T,  q,  Ts,  and  U  "pseudo-observations" 
which  encompassed  l  wide  range  of  environmental 
conditions.  Table  1  lists  the  limits  and  increments  of 
the  parameter  values  used.  Air  temperature  was 
computed  from  the  air-sea  temperature  difference  which 
varied  between  -5  °C  and  +5  °C  in  1  °C  increments. 
Specific  humidity  was  computed  using  the  relative 
humidity  which  varied  between  98%  and  50% 
according  to  the  values  in  Table  1.  Humidities  greater 
than  saturation  or  less  than  0.2  g  kg’1  were  considered 
unrealistic  and  the  data  sets  not  included  in  the  analysis. 

TABLE  1 .  Parametric  Limits  for  Variables  Used 


Variable  Symbol  Maximum  Minimum  Increment 


Wind  Speed 

U 

21  m  s’ 

1  3  ms'1  2  m  s’1 

Sea  Surface 

Ts 

20  °C 

8  °C  2  °C 

Temperature 

Air-Sea 

T-Ts 

5  °C 

-5  °C  1  °C 

Temperature 

Difference 

Relative 

RH 

98%, 

95%,  90%,  85%, 

Humidity 

80%, 

72%,  b2%,  50% 

The  error  perturbation  experiment  was  executed  by 
imposing  a  range  of  errors  on  the  pseudo-observations. 
The  errors  are  listed  in  Table  2  and  represent  a  range 
of  accuracies  consistent  with  current  satellite-based 
remote  sensing  techniques  as  described  above  (Refs.  2, 
3  and  5).  The  errors  in  Table  2  were  treated  as 
uncorrelated  so  the  results  can  be  interpreted  for  each 
parameter  independently,  for  example,  errors  in  q  when 
Ts,  T,  and  U  are  known  precisely.  We  have,  therefore, 
neglected  several  important  sources  of  error  such  as 
height  assignment  (vertical  resolution  and  layer 
averages);  the  effect  of  spatial  averaging  inherent  in 
satellite  data;  arbitrarily  assigning  1000  mb  as  the 
reference  height  pressure;  correlation  of  measurement 
errors,  such  as  due  to  measurements  using  the  same 
instrument  or  those  due  to  cloud  or  rain  contamination; 
effects  of  advection;  and  differences  in  the  assumptions 
inherent  in  the  variations  of  the  underlying  similarity 
theories.  To  estimate  effects  from  more  than  one 
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.  TABLE  2.  k 

frarbrrnrint  Ubrrrtrintirr-  - 

Variable 

Uncertainty 

y 

±i6msrv 

T, 

±1.0  *C 

T 

±5-0  *C 

q._ 

±2-0g  lcgf* 

5.  RESULTS 

Figure  3  is  a  scatter  plot  of  die  error-free  evaporation 
duct  estimates  from  the  direct  method  versus  stability 
(represented  by  the  ratio  of  die  reference  height,  z,  to 
the  Obukhov  length,  L).  In  the  figure,  calculated  duds 
grater  dan  or  equal  to  40  m  and  those  eqtol  to  6  m 
are  not  plotted.  The  figure  demonstrates  the  discrete 
nature  of  die  environmental  data  base  and  shows  data 
majority  of  the  environmental  conditions- considered 
represent  slightly  unstable  and  near-neutral  conditions, 
although  die  algorithm  does  predict'  dot  evaporation 
ducts  can  be  present  under  some  stable  conditions  rheo 
the  near-surface  modified  refiadivity  decreases  with 
height. 

Figure  4'represents  the  dud  height  errors  as  a  function 
of  error  in  sea  surface  temperature  (Fig.  4a),  near¬ 
surface  wind  speed  (Fig.  4b),  reference  height  air 
temperature  (Fig.  4c),  .and  reference  ,  height  humidity 
(Fig.  4d)  for  unstable  and  neutral  conditions  (z/L  S  0). 
As  mentioned  previously,  the  range  of  data  errors  .were 
chosen  to.be  representative  of  satellite-based  remotely 
sensed  data  but  the/source  of  the  error  is  unimportant 
These  errors  could  also  be  due  to  in  situ  measurements 
or.  the,  resultant  errors  from  .a  -numerical- weadier 
prediction  model/da'-' . assimilation  system  or-  virtual 
sensor.  Error  here  is  ‘-.fined  as  the  erroneous  minus 
the  error-free  value,  so  in  unstable  conditions 
underestimates  (overestimates)  of  both  T,  and  U  result 
in-sma]l-iUnderestimstesr;(oyetestimates)-.6f  tbeduct 
height,  reflectively,  Underestimating  Ts  increasestbe 
stability  towards  neutrality  as.the  airrsea  temperature 
difference  change* .  from  larger  to  tsmaller  negative 
values,  This. change.. acts  to  suppress  -vertical 'motions 
in.  the  surface  layer  - resulting  in  deeper  -vertical 
gradients,  with <a-  correspond ing 'tendency- for- the. duct 
heights  ,to  increase.  Underestimating  Tj,  however, 
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Figures  4c  and  4d  show  duct  height  error  as  functions 
of  the  errors  is  near  surface  air  temperature,  (or  air-sea 
temperature  difference  since' Tx  is  aaauaaed  lo  be  known 
precisely)  and  errors  in  specific  aumidity.  :  Note  the 
change'  in  duct  bright  error  scale;  all  the  algorithms  ate 
much  more  sensitive  to  T-and  q  errors  has  to  T,  of  U 
errors:  This  sensitivity  seems  to  bedoe  the  change  in 
rcfradivity  at  the  reference,  height  associated  with  the 
errors  in'  T  and  q:  Under  -unstable  conditions, 
overestimates  of  T- imply -greater 'stabiEty  which  can 
result  in  either  thinner  duds  for  higher  humidities  or 
thicker  ducts  for  lower  humidities  (seeFig:  2  although 
the  curves  represent  constant  relative  humidity  not  q). 
Overestimating  -T  (with  a  fixed  q)  decreases-  the 
modified  refiactivity  - at  fee  reference  height;  thus 
increasing-  the  air-sea  refractivity-  difference,  which 
tends  lb-increase  the  duct  heights  due  to  die  enhanced 
near-surface  gradients.  These  effects  reinforce  each 
ofeer-at -moderate  relative  humidities  (less  than  about 
80%)  and  result  in  a  large  sensitivity  to  errors  in  T; 
above  about  80%  relative  humidity  the  effects  tend  to 
balance-each.  other,  however,  the  mean  effect  for  the 
data  ret  here  is  a  large  positive  slope  in  the  sensitivity 
toTetirors.  This  sensitivity  is  exacerbated  by  the  large 
surface  air  temperature  errors  associated  with  satellite- 
based  remote  sensing. 

The  .sensitivity -to-errors-in-  q  is- also -considerable, 
however,  as  seen  from  Figure  4d, 'fee  slope  is  opposite 
to  those  for  T,-.TSl  and  U  errors:  Underestimates  of  q 
causes  the  air-searcfractivity difference  to  increase  and 
also  implies  slightly  more  unstable  conditions.  As  seen 
from  Figure  2,  decreasing  the  humidity  at  the  reference 
height  always  leads  to  increasing  duct  heights  under 
unstable  conditions.  ' 

Figure  5  shows  the  sensitivity  of  the  duct  height 
algorithms  to  -Tj,  U,  T,  and  q  errors  when'  the  error- 
free  ■  cond i lions  are .  stable  (z/L  >  0).  Under  these' 
conditions,  overestimates  ofT,(Fig.'5a)  result  in  small- 
overestimates:  of  the  duct  height,  Overestimating  T* 
decreases  . the  stability  towards  neutrality  whidi  inipliss 
increased  mixing  as  the-  turbulence  acts  to  keep  the 
mean  properties  of  the  surface  layer  uniform;  This 
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results  in  weaker  vertical  gradients  »d  a  corresponding 
teadeucy  for  the  duct  bd{bls  to  decrease. 
Overestimating  T$,  however,  also  increases  the 
refractivity  at  the  sortacc  causing  the  air-sea  refractivity 
difference  to  become  larger  jod  the  duct  heights  to  tend 
to  increase.  These  effects  tend  to  balance  each  other 
and  the  net  result  is  a  small  positive  slope  of  die 
sensitivity  to  Ts  errors  under  both  stable  and  unstable 
conditions. 

Figure  5b  shows  that  under  stable  conditions, 
overestimates  of  wind  speed  tend  to  decrease  duct 
heights,  opposite  to  the  effect  under  unstable  conditions. 
Here  mechanical  turbulence  tends  to  drive  the  stability 
of  the  surface  layer  toward  neutrality,  eradicating  strong 
gradients,  with  the  result  of  slightly  lower  duct  heights. 
The  sensitivity  of  the  Paul  us  technique  has  a  positive 
slope  similar  to  the  unstable  results  which  is  due  to  the 
truncation  of  the  duct  heights  at  an  air-sea  temperature 
difference  of  -1  °C  under  almost  all  stable  conditions. 

Figures  5c  and  5d  show  the  duct  height  errors  as 
functions  of  the  errors  in  near  surface  air  temperature 
and  specific  humidity  for  stable  conditions.  Again,  note 
the  change  in  duct  height  error  scale  necessitated  by  the 
increased  sensitivity  to  T  and  q  errors.  Under  stable 
conditions,  underestimates  of  T  imply  decreasing 
stability  which  can  either  result  in  thinner  ducts  or 
thicker  ducts  depending  of  the  humidity  and  magnitude 
of  the  stability  (see  Fig.  2).  Underestimating  T  also 
increases  the  modified  refractivity  at  the  reference 
height,  thus  decreasing,  or  even  changing  the  sign  of 
the  air-sea  refractivity  difference,  which  tends  to 
decrease  the  duct  heights.  These  effects  reinforce  each 
other  at  moderate  stabilities  and  relative  humidities  (less 
than  about  80%)  and  result  in  a  large  positive  slope  in 
the  sensitivity  to  errors  in  T. 

The  sensitivity  to  errors  ir.  q  under  stable  conditions  is 
also  considerable  and  opposite  to  those  for  T  and  Ts 
errors.  As  under  unstable  conditions,  underestimates  of 
q  causes  the  air-sea  refractivity  difference  to  increase 
and  also  implies  slightly  more  unstable  (neutral) 
conditions.  These  effects  reinforce  each  other  with  the 
net  result  a  large  negatively  sloped  sensitivity  under  all 
conditions. 

The  sensitivities  described  above  can  be  synthesized 
into  a  few  simple  relationships.  If  an  error  drives  the 
surface  layer  toward  neutrality  then,  under  unstable 
conditions,  evaporation  duct  heights  will  tend  to 
increase  and  under  stable  conditions  they  will  tend  to 
decrease,  although  there  is  some  humidity  dependence 
to  this  effect  (Fig.2).  If  the  error  implies  a  larger 
(smaller)  air-sea  refractivity  difference  then  the 
evaporation  duct  heights  will  tend  to  increase 
(decrease),  respectively,  except  under  some  stable 
conditions  when  the  refractivity  monotonically  increases 


with  height  and  there  is  no  evaporation  duct  present 
anyway.  Such  sensitivity  to  data  errors  may  overwhelm 
useful  information  gamed  by  making  duct  height 
estimates  For  example,  Hembree  and  Kudauskas 
(Ref.  21)  have  demonstrated  that  evaporation  duct 
height  differences  of  as  little  as  1  m  can  more  dun 
double  the  estimated  large  at  which  typical  shipboard 
electromagnetic  emitters  can  be  covertly  detected  by 
threat  receivers.  It  is  instructive  to  briefly  investigate 
what  evaporation  duct  height  estimates  are  used  for  by 
such  applications..  Patterson  (Ref.  22,  page  31)  stales 

* _ the  evaporation  duct  bright  is  not  a  height  below 

which  an  antenna  must  be  located  in  order  to  have 
extended  ranges,  but  a  value  which  relates  to  the  duct’s 
strength  or  its  ability  to  trap  radiation.'  Thus, 
evaporation  duct  height  estimates  arc  used  to  infer  duct 
strength.  Particularly  under  unstable  and  near-neutral 
conditions,  most  of  the  deficit  in  refractivity  within  an 
evaporation  duct  occurs  very  close  to  the  sea  surface 
(Fig.  1).  The  nonlinear  shape  of  the  refractivity  profile 
provides  for  a  complex  coupling  between  the  location  of 
the  antenna  and  energy  propagation  and  results  in  a 
frequency  dependence  for  trapping. 

6.  CONCLUDING  REMARKS 
The  sensitivity  of  four  different  techniques  for 
computing  evaporation  duct  heights  to  typical  satellite- 
based  measurement  errors  was  investigated.  Results 
presented  show  that  although  the  techniques  have 
different  genealogies,  they  have  similar  sensitivities. 
The  error  estimates  used  represent  uncorrelated 
satellite-based  remote  sensing  data  inaccuracies  but  the 
source  of  the  error  for  this  application  is  unimportant; 
they  could  also  represent  the  uncorrelated  error  from  a 
numerical  weather  prediction/data  assimilation  system 
or  a  virtual  sensor.  So  that  a  wide  range  of 
environmental  conditions  could  be  evaluated  without  a 
large  data  collection  effort,  ‘he  environmental  data  base 
of  sea  surface  temperature  and  reference  height  values 
of  air  temperature,  wind  speed,  and  specific  humidity 
was  derived  parametrically  by  uniformly  cycling 
through  all  possible  combinations  of  parameters. 

The  use  of  bulk  meteorological  techniques  driven  by 
remotely-sensed  data  to  estimate  evaporation  duct 
heights  has  been  shown  to  be  highly  susceptible  to 
measurement  error.  The  patterns  of  the  sensitivities  for 
each  technique  are  similar  with  the  exception  of 
Paulus’s  algorithm  to  wind  speed  errors  which  is  due  to 
the  truncation  imposed  on  the  duct  heights.  Additional 
sources  of  error  that  were  neglected  are  height 
assignment,  ambient  pressure  measurement  errors, 
correlation  of  errors  (e.g.,  those  due  to  cloud 
contamination,  etc.),  spatial  averaging  by  large-footprint 
satellite  sensors,  effect  of  adveclion  on  near-surface 
refractivity,  and  differences  inherent  in  the  different 
variations  of  the  underlying  similarity  theories-. 
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The  demonstrated  sensitivity  of  die  current  algorithms 
to  conservative  data  errors,  however,  raises  questions 
about  the  operational  applicability  of  these  and  more 
sophisticated  models.  A  troubling  assumption  is  that  of 
horizontal  homogeneity  of  the  vertical  gradients  in  the 
refiactivity  field  over  the  satellite  footprint.  If  we 
interpret  the  errors  bar  in  a  spatial  sense,  such  as  dee 
to  weak  horizontal  temperature  or  humidity  variations, 
we  would  expect  considerable  refractive  inhomogeneity 
or  topography  associated  with  the  evaporation  duct. 
The  impact  of  this  effect  will  have  to  be  evaluated  in 
the  future  with  range  dependent  propagation  models.  A 
study  designed  to  evaluate  the  errors  for  a  specific 
combination  of  satellite  remote  senring  instruments  or 
a  virtual  sensor  is  feasible  using  the  methodology 
presented  here  and  could  result  in  measurement 
accuracy  specifications.  The  results  could  be  verified 
with  date  collected  during  experiments  such  as  those 
described  in  Blanc  et  al.  (Ref.  23)  which  support 
scattero meter  instrument  development 
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Fig.  1 .  Examples  of  observed  evaporation  ducts,  (a)  A 
profile  of  modified  refractivity  digitized  from  a  graph 
by  Kerr  (Ref.  24,  p.  233).  The  largest  refractivity 
gradient  is  near  the  sea  surface,  and  the  evaporation 
duct  height  iff)  is  the  inflection  point  in  the  profile 
where  the  vertical  gradient  changes  sign,  (b)  A  very 
high  resolution  profile  of  modified  refractivity  close  to 
the  sea  surface  (Ref.  25).  The  sharp  shallow 
refractivity  gradient  which  characterizes  evaporation 
ducts  is  underscored. 
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Fig.  2.  Evaporation  duct  height  estimates  versus  air-sea 
temperature  difference  (T-T,;  denoted  ASTD)  fo'  air 
temperature  at  the  reference  height  of  6  m.  (a)  Direct 
method,  (b)  GSCLI  algorithm.  (c)lREPS.  (d)Paulus’ 
correc*ton  to  1REPS.  The  vertical  scale  is  altitude  ir. 
meters  and  line  type  represents  relative  humidity  at  the 
reference  height,  with  solid  lines  equal  to  50%,  long- 
dashed  lines  equal  to  75%,  and  short-dashed  lines  equal 
to  100%.  Reference  height  wind  speed  is  5  m  s'1,  and 
sea  surface  temperature  is  20°C  in  these  examples. 


Fig.  3.  Scatter  plot  showing  estimated  evaporation  duct 
height  versus  stability  (z/L)  calculated  using  the  direct 
method  for  the  complete  error-free  data  set.  Duct 
heights  equal  to  0  or  40  m  are  not  plotted. 
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Fig.  4.  The  errors  (erroneous  minus  error-free  values)  for  four  evaporation  duct  height 
algorithms  versus  measurement  uncertainty  for  the  input  geophysical  parameters  under  unstable 
and  neutral  conditions  (z/L  £  0).  (a)  Sea  surface  temperature  error,  (b)  Reference  height  wind 
speed  error,  (c)  Reference  height  air  temperature  error,  (d)  Reference  height  specific  humidity 
error. 
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Fig.  5.  Same  as  Fig.  4  except  for  stable  conditions  ( z/L  >  0). 
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SUMMARY 

A  high  quality  high  frequency  (HF)  oblique  ionosonde  has  been 
developed  for  useinpropagationresearch  and  associated  studies 
of  the  ionosphere.  The  ionosonde  is  known  as  ROSE  (Radio 
Oblique  Sounding  Equipment)  and  requires  the  connection  of  a 
specially  designed  enhancement  to  a  commercially  available 
chirp  sounder  receiver  (RCS-5)  manufactured  by  the  BR 
Corporation  in  the  USA.  Two  important  features  are  brought 
about  by  the  addition  of  this  enhancement.  Firstly,  an  increase 
in  the  resolution  of  an  ionogram  by  a  factor  of  approximately 
three.  This  allows  the  fine  structure  in  the  ionospheric  returns  to 
be  detected.  Secondly,  colour  cod  mg  of  the  ionogram  according 
to  the  amplitude  of  the  received  signal.  Detailed  mode  amplitude 
information  and  comparisons  of  the  relative  strengths  of 
propagating  modes  can  be  achcived.  Additional  features  which 
are  prov  ided  include  display  handling  and  data  storage  facilities. 

This  paper  describes  the  system  architecture  of  the  ROSE 
ionosonde  and  discusses  the  type  of  detailed  ionospheric 
information  it  can  provide  from  active  remote  sensing. 

1  INTRODUCTION 

Throughout  the  world  extensive  use  is  made  of  radio  sounding 
systems  to  remotely  probe  the  ionosphere.  One  category  of 
remote  sensing  system  is  known  as  the  ionosonde,  which  is 
essentially  aradar  emitting  pulses  or  chirp  waveforms  to  measure 
the  group  delay  of  the  return  signal  bounced  back  from  the 
ionosphere.  The  receiver  may  bcco-locatcd  with  the  transm  ittcr, 
in  which  case  the  ionosonde  is  a  vertical  sounder,  or  the 
transmitter  and  receiver  may  be  separated  by  distances  of  up  to 
several  thousand  kilometres,  in  which  case  the  ionosontlc  is 
known  as  an  oblique  sounder. 

2  PULSE  VERSUS  CHIRP  SOUNDERS 
2.1  Pulse  sounders 

Pulse  sounders  transmit  a  scries  of  short  (-1 00  ps)  pulses  over 
the  band  of  interest  (2  to  30  MHz,  for  instance).  The  sounder 
moves  in  discrete  steps  over  this  band  and  can  transmit  up  to 
several  hundred  pulses  on  each  frequency  depending  upon  the 
information  required.  To  receive  these  pulses  optimally  the 
receiver  must  have  a  large  bandwidth,  normally  -20  kHz  ot  so, 
and  to  keep  the  signal  to  noise  ratio  at  a  reasonable  level 


transmitter  powers  up  to  10  kW  and  beyond  are  required.  Due 
to  these  large  pulsed  transmissions  the  transmitter  site  has  to  be 
carefully  chosen  to  avoid  any  local  interference. 

One  of  the  main  advantages  of  pulse  sounders  is  the  ease  of 
analysis  of  the  incoming  signals.  By  calculating  the  time 
difference  between  the  received  pulses  the  ionospheric 
propagation  modes  can  be  determined.  This  is  a  fairly  easy  task 
to  perform  with  relatively  simple  technologies. 

2.2  Chirp  Sounders 

Chirp  sounders  sweep  a  phase-continuous  signal  over  the  band 
of  interest  at  rates  of  up  to  several  hundred  kilohertz  per  second. 
Due  to  the  method  of  receiver  operation  (described  later)  a 
comparatively  narrow  receiver  bandwidth  is  used  which  is  of 
the  order  of  a  few  hundred  Hertz.  This  in  turn  leads  to  a 
relatively  low  transmitter  power  (10  - 100  W)  which  is  much 
more  practical  than  the  pulse  transmitter.  There  arc  several 
trade  offs  involved  in  the  operational  parameters  of  a  chirp 
sounder.  For  example,  a  fast  sweep  generates  an  ionogram  in  a 
short  period  of  time  but  requires  a  larger  receiver  bandwidth, 
giving  a  lower  signal  to  noise  ratio  which  in  turn  requires  the 
transmitter  power  to  be  larger.  Conversely,  a  slow  sweep  rate 
leads  to  lowtT  transmitter  powers  but  the  ionogram  can  take 
several  minutes  or  longer  to  collect  and  ionospheric  conditions 
may  have  changed  during  the  recording  of  the  ionogram. 

One  of  the  main  disadvantages  of  chirp  sounders  is  the  complex 
analysis  that  must  be  carried  out  to  determine  the  ionospheric 
propagating  modes.  The  advent  of  specialised  digital  signal 
processing  (DSP)  chips  together  with  other  technologies  has 
enabled  moreex  tensive  development  of  chirp  sounder  receivers 
to  be  undertaken  in  recent  years. 

3  CHIRP  SOUNDER  RECEIVERS 

The  chirp  sounder  receiver  generates  an  internal  reference 
signal  which  is  of  the  same  form  as  that  being  transmitted  at  the 
transmitter  site.  By  carrying  out  a  radio  frequency  mixing 
process  between  this  reference  signal  and  the  received  signal,  a 
baseband  signal  is  obtained  which  contains  a  series  of  frequencies 
dependant  upon  the  modes  of  propagation  present.  The 
frequencies  of  the  signals  arc  proportional  to  the  time  of  flight 
from  the  transmitter  to  receiver  and,  therefore,  by  carrying  out 
a  frequency  analysis  the  relative  group  delays  of  the  different 
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propagating  modes  can  becalculated  (Fig  1). The  absolute  time 
of  flight  is  not  known  unless  the  transmitter  and  receiver  have 
some  form  of  accurate  time  control.  Normally,  when  the  receiver 
is  initiated  to  gather  data  on  a  particular  path  a  searching  process 
is  employed  to  synchronise  to  the  transmitted  signal.  This 
processinvolvesadjustingthestarttimeoftheintemalrcference 
signal  until  th.  baseband  signals  are  obtained  in  the  correct 
frequency  range. 

3.1  RCS-S  sounder  receiver 

The  BR  Corporation  manufacture  a  chirp  sounder  receiver 
(RCS-5)  which  is  able  to  receive  transmissions  from  a  number 
of  compatible  transmitters  distributed  throughout  the  world. 
The  RCS-5  is  designed  to  assist  the  comm  unications  operator  in 
selecting  the  appropriate  operating  frequency  for  a  particular 
HF  communications  link  and  to  this  end  it  displays  a  simple 
monochrome  ionogram.  An  indication  of  either  amplitude, 
automatic  gain  control  (age)  or  signal  quality  is  also  shown,  but 
in  each  of  Ucse  cases  the  displayed  value  is  the  integrated  value 
across  all  the  propagating  modes  at  a  particular  frequency. 
Therefore,  the  ionogram  cannot  show  the  operator  whether,  for 
example,  the  signal  amplitude  relates  to  two  modes  of  similar 
amplitude  or  one  high  amplitude  mode  and  one  weak  mode. 

In  the  BR  system  the  chirp  signal  from  the  transmitter  is  swept 
linearly  from  2  to  30  MHz  in  280  s  (ie.  at  100  kHz.s ').  In  the 
receiver,  after  mixing,  the  baseband  signal  lies  between  0  and 
500  Hz  which  corresponds  to  a  group  delay  of  0  to  5  ms.  The 
RCS-5  spectrally  analyses  this  baseband  signal  with  a  2.5  Hz 
(0.025  ms  group  delay)  resolution  in  one  second  intervals  and 
displays  the  resulting  ionogram  on  its  built-in  screen  with  a 
resolution  of 280  points  in  the  horizontal  (frequency)  direction 
and  200  points  in  the  vertical  (group  delay)  direction.  The  age 
of  the  receiver  tries  to  optimise  the  display  to  make  the 
propagating  modes  clear.  The  main  limitation  of  the  monochrome 
screen  is  that  weak  modes  are  displayed  with  an  equal  intensity 
to  strong  modes  and  arc  therefore  indistinguishable. 

After  an  ionogram  has  been  collected  the  RCS-5  may  adjust  the 
sweep  start  time  of  its  internal  reference  signal  in  an  attempt  to 
optimise  the  position  of  the  ionogram  on  the  screen.  This 
adjustment  is  carried  out  in  0.5  or  1  ms  periods  of  group  delay 
and  is  known  as  'autoslip'.  It  is  possible  to  disable  this  feature 
to  avoid,  for  instance,  the  complete  loss  of  the  ionogram  during 
a  night  period  when  the  ionospheric  returns  may  be  low  and  the 
ionogram  may  be  inadvertently  slipped  out  of  range. 

4  ROSE  IONOSONDE  PROGRAMME 

The  RCS-5  receiver  is  primarily  designed  for  the  radio 
communications  operator  and  its  use  as  a  research  tool  to 
invcstigateionosphericpropagationislimited  by  the  constraints 
described  above.  To  meet  the  requirements  of  detailed  scientific 
research  ROSE  has  been  developed  with  the  aim  of  enhancing 
the  output  from  the  RCS-5  whilst  both  avoiding  internal 
modifications  and  maintaining  compatibility  with  the  current 
worldwide  network  of  chirp  transmissions.  Our  priority  has 
been  to  provide  a  much  higher  resolution  ionogram  which  also 
contains  detailed  signal  strength  data  to  enable  the  amplitudes 
of  various  modes  to  be  compared.  Furthermore,  archiving  and 
data  recall  facilities  have  been  developed  to  enable  off-line 
analysis  of  ionograms. 


S  ROSE  ARCHITECTURE 

To  achieve  the  improvements  described  above,  and  provide 
scope  for  future  modifications,  an  enhancement  has  been 
designed  for  the  RCS-5  which  duplicates  some  of  its  internal 
functions  whilst  further  analysing  the  received  signal  to  improve 
functionality.  The  enhancement  consists  of  a  custom  designed 
digital  hardware  Processing  and  Control  Unit  (PCU)  which  is 
connected  to  the  ports  at  the  rear  of  the  RCS-5,  and  an  IBM- 
compatible  Personal  Computer  (PC)  which  interfaces  to  the 
PCU.  The  RF  front-end  of  the  RCS-5  is  still  utilised  to  produce 
the  baseband  signal,  but  then  the  additional  equipment  takes 
over  the  analysis  of  the  signal  and  displays  the  ionogram.  Fig  2 
shows  a  corresponding  block  diagram  of  the  complete  ROSE 
ionosonde. 

In  ROSE  the  baseband  signal  is  taken  from  the  RCS-5  and 
passed  to  the  PCU.  In  addition,  the  RS232  remote  control 
interface  on  the  RCS-5  is  used  to  program  the  receiver  and 
extract  information  regarding  the  received  signal  power  levels 
in  the  form  of  receiver  age  values  which  can  then  be  used  later 
in  the  analysis.  The  baseband  output  signal  from  the  receiver  is 
digitally  sampled  and  the  resultant  data  stream  is  arranged  into 
blocks  which  arc  weighted  using  a  window  function  and 
spectrally  analysed  by  the  PCU  togivegroup  delay  information. 
The  analysis  of  each  block  produces  682  values  which  arc 
displayed  on  the  ionogram  as  one  vertical  line  with  a  group 
delay  resolution  of  73  ps  (0.73  Hz).  Thcnumber  of  vertical  lines 
which  constitute  a  single  ionogram  (ie.  horizontal  resolution)  is 
dictated  by  the  rate  at  which  the  blocks  arc  analysed  during  a 
sweep.  A  choice  is  available  of  either  one  block  per  second 
giving  279  lines,  two  blocks  per  second  giving4  IS  lines  or  three 
blocks  per  second  giving  836  lines.  The  latter  option  produces 
the  highest  resolution  ionogram  of  836  x  682  points  -  which 
marks  a  substantial  improvement  over  the  280  x  200  points  of 
the  ‘standalone’  RCS-5.  The  former  options  arc  of  use  when 
computer  discstoragespacc  is  ataprcmiumordisplayresolution 
is  limitcd.Theresults  of  the  spectral  analysis  arc  combined  with 
the  age  values  derived  from  the  RCS-5  to  determine  the  frequency 
dependant  power  in  each  propagating  mode.  The  values  are 
passed  to  the  PC  where  this  detailed  signal  strength  information 
is  displayed  by  colour  coding  the  ionogram. 

Fig  3  summarises  the  main  processes  involved  in  the  analysis  of 
the  baseband  signal.  They  are  discussed  in  more  detail  in 
Section  5.2  below.  Table  1  compares  the  operating  parameters 
of  the  basic  RCS-5  against  the  full  resolution  option  provided 
by  the  ROSE  ionosonde. 


Table  1. 

Comparison  of  Operating  Parameters 


Item 

RCS-5 

ROSE 

Frequency  range 

2 -30  MHz 

2 -30  MHz 

Horizontal  resolution 

280  points 

836  points' 

Vertical  resolution 

200  points 

682  points 

Baseband  signal  bandwidth 

500  Hz 

500  Hz 

Baseband  signal  resolution 

2.5  Hz 

0.73  Hz 

Group  delay  resolution 

25  ps 

7.3  ps 

Vertical  lines  per  second 

1 

3’ 

‘maximum  resolution  option 
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Normally  for  ROSE  the  RCS-5  is  operated  with  the  ‘autoslip’ 
feature  disabled.  It  has  been  noticed,  however,  that  there  is  a 
long  term  drift  of  about  1  ms  in  a  10  hour  period  due  to 
inaccuraries  between  the  transmitter  and  receiver  clocks.  This 
problem  is  yet  to  be  addressed  fully  and  w-11  require  careful 
consideration  to  avoid  loss  of  data  when  th  'unosonde  is  used 
for  long  periods  of  time  with  ‘autos'io’  -abled. 

5.1  PCU  Hardware 

A  block  diagram  of  the  PCU  is  shown  in  Fig  4.  A  19  inch  6U 
KM 6  rack  construction  is  used  with  slide-in  modules  containing 
printed  circuit  cards.  The  rack  has  a  built-in  power  supply  and 
the  connections  for  the  baseband  analogue  signal  and  all  the 
digital  data  are  made  via  the  front  panel.  The  design  for  the  PCU 
includes  enough  memory  and  spare  processing  capacity  to 
allow  for  future  improvements  to  be  incorporated  into  the 
ROSE  ionosondc. 

(a)  Processor  Boards 

The  PCU  is  based  around  three  Texas  Instruments  TMS32020 
digital  signal  processors  which  arc  located  on  individual  circuit 
boards  containing  local  memory.  The  processors  can 
communicate  with  each  other,  and  "he  outside  world,  via  two 
buses.  The  first  bus  (global  memory  bus)  allows  access  to  a 
region  of  global  memory  so  that  data  can  be  easily  transferred 
between  the  three  processors.  The  other  bus  (interface  bus)  has 
the  interface  devices  attached  to  it  such  as  the  RS232  interface, 
parallel  interface,  analogue  to  digital  (A/D)  converter  and  the 
display  devices  for  showing  the  status  of  the  PCU. 

(b)  Interface  Boards 

A  ld-pole  Buttcrworlh  low-pass  anti-aliasing  filter  and  12-bil 
analogue  to  digital  (A/D)  converter  operating  at  a  sampling  rate 
of  1500  Hz  arc  used  to  digitise  the  baseband  signal  from  the 
RCS-5.  The  filter  comers  at  500  Hz  to  give  the  required 
bandwidth  (0  -  500  Hz)  and  provides  a  stop-band  attenuation  of 
at  least  80  dB  at  1000  Hz .  The  A/D  converter  covers  a  bandwidth 
of  0  -  750  Hz  (as  determined  by  Nyquist)  with  a  dynamic  range 
of  72  dB. 

A  parallel  interface,  16  bits  input  and  16  bits  output,  is  used  to 
communicate  with  the  PC. 

An  RS232  interface  operating  at  9600  baud  is  used  to 
communicate  with  the  RCS-5  through  the  built-in  remoteconlrol 
pott.  This  allows  the  PCU  to  set  up  the  RCS-5,  receive  start  of 
sweep  information,  and  obtain  the  receiver  age  values  which  are 
required  for  the  correct  scaling  of  ionograms, 

(c)  Displays 

A  liquid  crystal  display  (LCD)  is  mounted  separately  in  a 
diecast  box  and  can  be  located  in  a  convenient  place  for  the 
operator  to  view.  The  display  gives  information  on  the  status  of 
the  PCU,  including  the  sweep  set-up  parameters  and  anindication 
of  the  progress  of  the  current  sweep. 

5.2  Processor  Software 

All  of  the  software  within  the  PCU  is  written  in  TMS32020 
assembly  language  and  its  basic  function  is  to  perform  a  spectral 
analysis  on  the  incoming  baseband  signal  to  extract  the  frequency 
information  required  for  an  ionogram  (Fig  3).  This  process 


utilises  a  computationally  efficient  Fast  Fourier  Transform 
(FFT). 

The  software  consists  of  three  program  modules  -  one  for  each 
of  the  processors.  During  a  sweep  the  processor"  share  the 
comput-iional  load  of  real-time  analysis  of  the  baseband  signal 
from  the  RCS-5  by  operating  in  a  'pipeline’  fashion.  The 
digitised  signal  is  read  by  the  first  processor  and  formatted  into 
blocks.  As  each  block  is  generated  it  is  passed  on  to  the  second 
processor  for  frequency  analysis  using  the  FFT  algorithm, 
followed  by  the  third  processor  for  final  formatting  and  transfer 
to  the  PC.  With  this  arrangement  high  data  throughput  is 
maintained  throughout  the  sweep.  A  block  sizeof 2048  samples 
is  used  and  since  the  A/D  converter  operates  at  1500  samples 
per  second  this  covers  1.36  seconds  of  sweep.  This  is  theperiod 
over  which  the  spectral  estimate  is  based,  and  so  gives  better 
processing  gain  than  the  RCS-5  which  performs  its  estimate 
over  one  second.  Frequency  resolution  is  also  improved. 

A  more  detailed  description  of  the  functions  performed  by  the 
processor  software  modules  is  given  below. 

After  implementation  of  the  software  about  30%  of  the  total 
processing  power  of  the  PCU  has  been  used.  The  remainder  is 
available  for  future  enhancements. 

(a)  Processor  one 

The  data  values  from  the  A/D  converter  arc  read  in  by  processor 
one  as  they  are  generated  (approximately  one  every  0.67  ms). 
These  values  are  grouped  into  blocks  of 2048.  There  is  a  degree 
of  overlap  between  the  blocks  and  as  a  result  values  generally 
appear  in  more  than  one  block.  The  amount  of  overlap  depends 
upon  the  rate  at  which  the  blocks  arc  required  for  analysis, 
which  in  turn  depends  upon  the  horizontal  resolution  of  the 
ionogram  as  selected  by  the  operator.  Each  of  the  blocks  of 
values  may  have  a  weighted  window  function  applied  to  it 
before  it  is  passed  on  to  the  next  processor.  This  window 
attenuates  the  edges  of  the  data  block  before  the  FFT  is  carried 
out  in  Older  to  minimise  ‘spectral  leakage’  or  ‘spreading’. 
Currently,  the  operator  may  select  to  use  either  a  rectangular 
window  which  applies  no  weighting,  or  a  Kaiser-Besscl  window 
which  is  very  effective  at  reducing  the  sidclobes  of  signal  peaxs 
without  significantly  reducing  the  signal  resolution. 

(b)  Processor  two 

The  FFT  algorithm  is  applied  to  the  windowed  data  blocks  by 
processor  two  to  convert  the  signal  from  the  time  domain  to  the 
frequency  domain.  The  FFT  employed  has«bcen  specifically 
designed  to  suit  the  instruction  set  used  by  the  TMS32020 
processor  and  comprises  eleven  stages  of  calculations.  These 
stages  have  been  optimised  for  speed  by  allowing  for  the  limited 
resolution  and  bandwidth  of  the  input  values  and  thcrepcatability 
of  the  FFT  calculation.  In  this  way  only  33%  of  the  calculations 
normally  required  for  the  final  stage  of  the  algorithm  arc 
actually  performed.  This  is  because  50%  is  repetitious 
information  and  the  remaining  17%  is  aliased  because  it  falls  in 
the  filter  roll-off  region  of 500  to  750Hz.The  original 2048  time 
domain  samples  areconvcrted  to  682  frequency  domain  samples 
which  cover  the  required  bandwidth  of  0  to  500  Hz  with  a 
resolutionofO.73  Hz.  The  inherently  modular  formatof  the  FFT 
leaves  scope  to  balance  the  load  between  the  other  processors  if 
required  in  the  future. 
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(c)  Processor  three 

Every  second  whilst  sweeping  the  RCS-5  produces  an  age  value 
ranging  from  0  to  40  (each  unit  corresponds  to  a  3  dB  step) 
which  gives  an  indication  of  the  level  of  the  incoming  signal. 
These  values  are  read  in  by  processor  three  and  matched  to  the 
appropriate  data  blocks  when  they  arrive  from  processor  two. 
Since  each  block  covers  a  sweep  period  greater  than  one  second 
consecutive  age  values  need  to  be  weighted  and  combined  to 
give  a  figure  which  more  accurately  describes  the  age  value 
applied  during  the  period  that  the  data  in  theblock  was  received. 
The  age  value  is  used  by  the  PC  to  tic  the  values  in  each  block 
to  an  absolute  magnitude  scale.  This  enables  definitive  colour 
coding  of  signal  strength  across  each  ionogram  and  from  one 
ionogram  to  the  next.  Processor  three  also  determines  a  ‘cutoff 
level  for  each  block,  which  is  used  as  a  guide  as  to  where  the 
noise  floor  may  lie  within  the  block.  The  technique  used  to 
calculate  this  level  involves  arranging  all  the  points  within  a 
block  into  13  sets  according  to  their  magnitudes.  The  difference 
between  the  maximum  and  minimum  groupdelays  represented 
by  the  points  in  each  set  is  calculated  and  those  sets  with 
differences  less  than  a  predetermined  value  (a  fraction  of  the 
maximum  possible  difference :  5  ms)  are  ignored.  The  ‘cutoff 
level  is  then  set  to  the  upper  magnitude  limit  of  the  remaining 
sets  and  is  transferred  to  the  PC  along  with  the  associated  data 
block.  The  operator  may  choose  civ.,  to  ignore  ‘cutoff'  levels 
or  to  use  them  to  filter  out  noise  on  lit.  displayed  ionogram  by 
not  plotting  any  points  with  magnitudes  than  the  ‘cutoff. 

Processor  three  performs  additional  tasks  apart  from  handling 
data  during  a  sweep.  At  system  startup  the  processor  initialises 
the  LCD  which  is  used  during  system  operation  to  indicate  the 
functions  being  performed  by  the  PCU  and  the  operating 
parameters  in  use. 

Furthermore,  before  data  collection  begins  the  processor 
establishes  rcmolecontrolof  the  RCS-5  and  receives  instructions 
from  the  PC  specifying  how  it  is  to  be  set  up.  The  operator  may 
have  chosen  to  manually  program  the  RCS-5  in  the  usual  way 
using  the  receiver’s  front  panel  or  to  let  the  processor  perform 
the  task  automatically  using  data  previously  rccordcdby  the  PC. 
In  the  latter  case  the  processor  proceeds  by  sending  path  details 
to  the  receiver  and,  if  required,  initialing  the  signal  acquisition 
function.  The  processor  also  acts  on  further  instructions  received 
from  the  PC  which  specify  the  operating  rate  of  the  PCU  and  the 
type  of  window  to  be  employed.  Before  each  swecpcommences 
processor  three  fetches  the  sweep  start  lime  from  the  RCS-5  and 
waits  for  the  appropriate  moment,  as  indicated  by  the  real-time 
clock  on  the  RCS-5,beforc  triggering  thcdatacollcclionromines 
as  a  sweep  begins. 

5.3  PC  Software 

The  software  for  the  PC  is  written  in  TURBO  C++  and  performs 
the  following  functions: 

(a)  reads  in  the  data  supplied  from  the  PCU 

(b)  displays  the  values  in  the  form  of  ai:  ionogram 

(c)  stores  ionogram  data  for  future  use 

(d)  provides  overall  control  of  the  ROSE  ionosondc 

(e)  supports  the  operator  interface 

(0  provides  features  for  recalling  stored  ionograms. 

The  data  is  read  into  the  PC  from  the  PCU  using  a  high  speed 
parallel  interface  which  utilises  direct  memory  access  (DMA). 
This  enables  data  transfer  to  occur  as  a  background  task  whilst 


the  PC  isperforming  other  tasks  -  such  as  updating  the  displayed 
ionogram.  Approximately  700  words  of  data  are  passed  per 
vertical  line  of  ionogram  (682  values  plus  control  information) 
and  for  a  high  resolution  ionogram  of 836  lines  some  836  x  700 
=  585  kwords=  1,170  kbytes  of  data  must  be  transferred. 

As  each  block  of  data  arrives  from  the  PCU  it  is  displayed  as  a 
vertical  line  on  the  ionogram.  As  the  sweep  progresses  the 
ionogram  builds  up  from  left  to  right  in  the  normal  way.  A 
colour  scale  of  absolute  magnitude  values  is  also  displayed 
along  with  data  collection  details  and  path  information.  The 
hi  ghest  qual  i  ty  ionogram  generated  by  the  ROSE  ionosondc  has 
a  resolution  of  836  x  682  points  and  contains  32  colours.  To 
display  this  ionogram  in  full  detail,  along  with  its  associated 
labelling,  requires  a  specially  selected  screen.  A  1024  x  768 
pixel  screen  and  appropriate  controller  is  used  for  the  task. 
However,  tomaintain  compatibility  with  other  PCs  thesoftware 
is  designed  to  also  cater  for  normal  VGA  displays  -  although  the 
complete  ionogram  is  then  displayed  at  a  lower  resolution  and 
using  fewer  colours.  The  full  screen  ionogram  represents  the 
normal  display  mode,  however,  an  alternative  mode  is  available 
whereby  four  ionograms  arc  displayed  simultaneously  atreduced 
resolutions  and  updated  sequentially.  This  is  useful  for  showing 
short  term  variations  in  the  ionosphere. 

The  1,170  kbytes  of  data  which  is  transferred  for  a  high 
resolution  ionogram  represents  an  impractical  amountofdatato 
be  stored.  Observation  of  ionograms  reveals  that  only  about 
20%  of  the  display  area  contains  visible  information  and  the  rest 
is  black  background.  This  enables  the  File  size  to  be  reduced  to 
200  kbytes  or  less.  Data  compression  techniques  may  also  be 
selected  which  further  reduce  the  file  size. 

As  ROSE  is  primarily  a  research  tool  considerable  effort  has 
been  made  to  ensure  that  the  software  provides  control  over  a 
large  number  of  system  parameters.  Before  data  collection 
begins  the  operator  is  able  to  select  the  type  of  data  window  to 
be  employed  in  the  PCU,  the  horizontal  resolution  of  the 
ionogram  and  the  display  mode  to  be  used.  Start  and  stop  times 
for  data  storage  may  also  be  specified.  In  addition,  the  operator 
may  choose  to  remotely  program  the  RCS-5  from  the  PC  instead 
of  using  the  receiver's  manual  controls.  In  this  case  the  PC 
prompts  for  the  sweep  start  lime  of  the  desired  transmitter  and 
instructs  the  PCU  to  handle  the  programming  and 
synchronisation  of  the  RCS-5. 

The  PC  software  also  provides  a  number  of  features  for  handling 
ionogram  information  once  it  has  been  stored.  In  ‘replay’  mode 
stored  ionograms  are  displayed  sequentially  at  a  high  rate  to 
give  a  ‘movie’  typeofcffect.This  is  useful  for  visually  observing 
long  term  changes  in  the  ionosphere.  In  'scaling'  mode  a  single 
ionogram  may  be  recalled  and  by  moving  two  hair-line  cursors 
certain  features  of  interest  may  be  logged. 

6  MAIN  IMPROVEMENTS 

A  summary  of  the  main  improvements  provided  by  the  ROSE 
ionosondc  arc  listed  below. 

(a)  Ionograms  displayed  at  high  resolution  (up  to  836  x  682 
points)  so  that  propagating  modes  are  clearly  visible  and  fine 
structure  is  disccmable. 

(b)  Colour  coding  of  signal  pov’er  (up  to  32  colours)  against  an 
absolute  scale  to  cnaole  amplitude  comparisons  across  modes 
on  a  single  ionogram  and  also  comparisons  between  ionograms. 
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(c)  Storage  of  information  so  that  ionograms  may  be  recalled 
when  desired.  Data  compression  is  also  available. 

(d)  A  display  format  whereby  the  four  most  recently  collected 
ionograms  arc  shown  simultaneously.  Useful for  showcig  short 
term  ionospheric  variations. 


(e)  A  feature  whereby  storedionograms  aredisplayedrapidly  in 
succession  giving  a  ‘movie’  effect.  Useful  for  showing  long  Urm 
ionospheric  variations. 

(0  Facilities  which  allow  scaling  of  stored  ionograms. 
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Fig  1.  Frequency  analysis  In  a  HF  oblique  chirp  sounder 


Fig  2.  ROSE  block  diagram 


Fig  4.  PCU  block  diagram 
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discussion 


B.  REJNISCH 

Your  obliaue  ionograms  shore  a  good  resolution.  What  is  the  range  resolution  of  the  system 's  digital  processing  in  ps? 
AUTHOR’S  REPLY 

The  ranee  resolution  of  ROSE  is  7.3ps  (or  approximately  2  km).  IWr  believe  that  this  range  resolution  is  well  matched  to  the 
ionosphere.  On  many  occasions  *  e  see  sporadic-E  layers  on  our  ionogram  which  are  only  one  pixel  (2  km  resolution)  wide. 
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SUMMARY 

A  small  low  cost  digital  ionosonde.  the  Digisonde 
Portable  Sounder  (DPS)  has  been  developed 
which  uses  500ps,  10%  duty  factor,  wide  pulses 
for  vertical  sounding  and  8. 5ms  pulses  for 
oblique  sounding.  Intrapulsc  coding  and  pulse 
compression  techniques  result  in  a  67ps 
resolution  for  both  waveforms.  A  new 
autoscaling  technique  for  oblique  ionograms 
inverts  the  oblique  echo  traces  into  midpoint 
electron  density  profiles  that  are  modeled  as  a 
sum  of  quasiparabolic  layers. 

1 .  INTRODUCTION 

Reliable  high  frequency  (HF)  communication. 
Ovcr-the-Horizon  radrr  tracking,  and  HF  direc¬ 
tion  finding  all  dc(  *nd  on  good  real  time 
knowledge  of  the  ionosphere.  In  the  last  decade 
modern  digit?!  ionosondes  (Reinisch, 1986)  be¬ 
came  available  that  automatically  analyze  the 
vertical  ionograms  and  provide,  in  real  time,  the 
vertical  electron  density  profiles  for  the  location 
of  the  sounder  (Reinisch  et  al„  1990).  For  many 
HF  applications  the  ionosphere  must  be  specified 
in  a  large  area  and  a  network  of  ionosondes  is 
required.  The  new  Digisonde  Portable  Sounder 
(DPS)  has  been  designed  for  optimal  efficiency  in 
such  a  network  by  providing  the  necessary 
hardware  and  software  for  both  vertical  and 
oblique  (bistatic  between  DPS  stations)  sounding. 

For  vertical  sounding  the  transmitter  pulse 
width  is  limited  to  about  500ps  considering  the 
pulse  propagation  time  of  600ps  for  E  region 
echoes.  Intrapulse  phase  coding  and  pulse  com¬ 
pression  techniques  provide  a  range  resolution 
of  67ps  (or  10  km).  For  quasi-vertical  or  bistatic 
sounding  the  DPS  transmits  8.5ms  pulses  at 
100%  duty  cycle  with  the  same  range  resolution 
of  67ps.  A  DPS  network  can  accurately  map  the 
ionosphere  if  both  vertical  and  oblique 
ionograms  are  used  to  specify  the  electron 
density  profiles  at  the  locations  of  the  sounders 
as  well  as  at  their  mid-points.  Any  successful  HF 


application  requires  "now-casting"  for  the 
ionospheric  propagation  medium,  i.  c.  current 
specification  of  the  ionospheric  region  used  by 
the  HF  link.  Automatic  scaling  of  the  vertical 
and  oblique  ionograms  in  real  time  provides  the 
inputs  for  the  now-casting. 

Autoscaling  of  the  vertical  ionograms  is  achieved 
with  the  ARTIST  software  (Reinisch  and  Huang, 
1983,  Gamache  et  al.,  1985)  which  is  routinely 
used  in  some  forty  Digisonde  256  sounders 
worldwide  (Reinisch  et  al.,  1990).  New  autoscal¬ 
ing  for  oblique  ionograms  and  inversion  to  mid¬ 
point  quasiparabolic  electron  density  profiles  is 
described  in  Section  3  of  this  paper.  Section  2 
gives  a  brief  description  of  the  Digisonde 
Portable  Sounder. 

2 .  DESCRIPTION  OF  THE  DIGISONDE 
PORTABLE  SOUNDER 

Ground  based  HF  observations  of  the  ionosphere 
rely  on  the  accurate  measurement  of  the  follow¬ 
ing  observables: 

1.  frequency 

2.  height/range  (time  delay) 

3.  amplitude 

4.  phase 

5.  Doppler  shift  or  spread  (frequency  disper¬ 
sion) 

6.  wave  polarization  (left  or  right  hand) 

7.  angle  of  arrival 

All  of  these  parameters  are  measured  simulta¬ 
neously  by  the  DPS  and  as  many  as  five  arc  dis¬ 
played  at  once  in  the  various  display  modes 
available.  For  instance,  the  Doppler  Ionogram  in 
Figure  1  (Millstone  Hill,  4  November  1991) 
represents  an  echo  at  a  given  frequency  and 
height  by  its  position  in  the  display.  The 
amplitude  (in  2dB)  is  represented  numerically 
by  an  optically  weighted  font,  the  Doopler  shift 
is  represented  by  shades  of  color  while  the 
polarization  is  represented  by  the  color  group. 
This  paper  shows  a  black/white  printout  using 
the  letter  X  to  indicate  X-echoes.  The 
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Figure  1.  Digisonde  Portable  Sounder  Vertical 

lonogranv,  Millstone  Hill,  Massachusetts 

automatically  scaled  leading  edges  of  the  E  and 
F-traces  are  identified  by  the  letters  E  and  F,  and 
the  electron  density  profile  is  indicated  by  the 
letter  T. 


Accurate  measurement  of  all  seven  parameters, 
except  the  first,  depends  critically  on  the  signal- 
to-noise  ratio  (SNR)  of  the  received  signal, 
therefore  vertical  incidence  ionospheric  sounders 
capable  of  acquiring  high  quality  scientific  data 
have  historically  utilized  powerful  pulse 
transmitters  in  the  2  to  30kWatt  range.  For 
instance,  measuring  phase  to  I  degree  accuracy 
requires  a  SNR  better  than  40dB  (assuming  a 


Gaussian  noise  distribution  which  is  actually  a 
best  case);  measuring  Doppler  spectra  to  1 % 
amplitude  accuracy  requires  over  20dB  SNR,  and 
precision  ranging  by  the  dq/df  technique 
requires  better  than  20dB  SNR.  Making  a  small 
inexpensive  portable  sounder  requires  use  of  a 
small  low  power  transmitter  which  makes  it 
difficult  to  achieve  the  required  SNR.  However, 
advanced  digital  signal  processing  techniques  in 
the  DPS  overcome  this  difficulty. 

Physical  Layout  of  the  DPS 

The  DPS  (Fig.  2)  is  a  software  implementation  of 
the  well  proven  measurement  techniques  used 
by  the  Digisonde  256  sounder  (Reinisch  et  al. 
1989)  developed  some  ten  years  ago  at  the 
University  of  Lowell  Center  for  Atmospheric 
Research  (ULCAR).  Pulse  compression  tech¬ 
niques  allow  reduction  of  the  transmitter  peak 
pulse  power  from  lOkWatt  (for  the  Digisonde 
256)  to  500Watt. 

Figure  3  shows  the  dimensions  and  component 
la"'  ut  of  the  DPS.  The  single  19"  rack  mountable 
chassis  is  installed  in  a  lightweight  fiberglass 
transport  case  which  includes  a  shock  mounted 
19"  rack.  This  unit  by  itself  (with  the  addition  of 
a  24  volt  battery  and  antennas)  is  ready  to 
make,  scale  and  store  automated  measurements 
as  soon  as  power  is  turned  on.  A  typical  instal¬ 
lation  would  also  include  a  keyboard  and  moni¬ 
tor  and  two  printers  for  real-time  color  or  black 
and  white  outputs  of  measurement  data.  The 
operator  can  control  the  system  cither  locally  or 
remotely  (via  a  telephone  modem). 

Sisnnl.  Rrocsssing 

As  mentioned  above,  the  requirement  for  a  good 
SNR  seems  incompatible  with  a  small, 
lightweight,  low-cosi  portable  system,  however 
by  lengthening  the  transmitted  pulse  of  a  small 
low  voUage  solid  state  transmitter  we  tan 
transmit  an  amount  of  energy  per  pulse  equal  to 
that  transmitted  by  a  high  power  pulse 
transmitter  without  having  to  provide 
components  to  handle  the  large  voltages.  The 
range  resolution  is  recovered  by  phase 
modulation  using  an  optimized  phase  code.  This 
intrapulse  modulation  allows  pulse  compression 
in  the  receiver  to  restore  a  10km  resolution  to 
separate  the  echoes  from  different  ionospheric 
layers.  The  compressed  pulse  must,  to  an 
acceptable  degree,  reproduce  a  simple 
rectangular  pulse  (i.e.  the  spurious  output  of  the 
pulse  compression  process  must  not  obscure 
other  signals  of  interest)  and  for  monostatic 
operation  (colocated  transmitter  and  receiver) 
the  entire  waveform  must  be  transmitted  before 
the  first  echo  of  interest  is  received.  Therefore, 
for  vertical  incidence  sounding  we  selected  an  8 


bil  complementary  (Golay.  1961)  phase  code  pair 
modulated  onto  a  533jisec  pulse  which  provides 
12dB  of  SNR  improvement  upon  pulse 
compression. 

For  bistatic  operation  such  as  oblique  sounding 
or  backscatter  sounding,  a  100%  duty  cycle  CW 
(continuous  wave)  waveform  can  be  used  since 
the  transmission  need  not  be  extinguished  prior 
to  sampling  data  at  the  receiver.  For  this  mode 
of  operation  we  have  selected  the  127  bit  maxi¬ 
mal  length  sequence  code  (Sarwatc  and  Pursley, 
19S0)  which  allows  pulse  compression  with  a 
21dB  signal-to-noise  ratio  improvement  while 
only  producing  0.9%  spurious  amplitude  re¬ 
sponse  at  ranges  (time  delays)  other  than  the 
true  range. 

AJded  to  the  12  or  21dB  of  pulse  compression 
gain  is  the  SNR  gain  offered  by  the  Doppler  inte¬ 
gration  process  (also  used  in  the  Digisonde  256) 
which  for  128  line  Doppler  spectra  is  21dB.  The 
effect  of  all  this  signal  processing  is  tremendous. 
For  instance,  compared  to  the  500\Vatt  DPS 
oblique  waveform  with  its  42dB  SNR  improve¬ 
ment,  a  single  pulse,  non-integrating  measure¬ 
ment  system  would  require  8MWatts  of 
transmitter  power  to  obtain  an  equivalent  SNR. 
Even  a  somewhat  sophisticated  system  which 
coherently  integrates  8  pulses  (any  more  than  8 
would  require  "Digisondc-Iikc"  Doppler  process¬ 
ing  due  to  Doppler  induced  phase  changes  over 
the  integration  period),  would  require  a  lMWatt 
transmitter  in  order  to  be  equivalent. 

Multiplexing 

Using  any  of  the  above  waveforms,  the  Digisonde 
Portable  Sounder  allows  multiplexed  Doppler 
integration  of  up  to  64  separate  combinations  of 
frequencies,  antennas  (the  system  includes  4 
phase  matched  receiving  antennas),  and  polar¬ 
izations  (i.e.  ordinary  or  extraordinary  propaga¬ 
tion  modes,  hereafter  referred  to  as  0  and  X). 
This  multiplexing  is  implemented  by  changing 
the  system's  oper  ting  parameters  from  pulse- 
to-pulsc.  This  essentially  simultaneous  mea¬ 
surement  at  multiple  frequencies,  antennas  and 
polarizations  is  accomplished  by  synchronizing 
the  computer's  data  acquisition  and  signal  pro¬ 
cessing  software  to  the  transmitted  waveform 
through  a  hardware  interrupt.  The  interrupt  is 
timed  to  occur  just  250psec  prior  to  the  occur¬ 
rence  of  a  transmitted  pulse,  or  coded  waveform, 
such  that  the  frequency,  antenna  selection,  gain, 
polarization,  or  waveform  can  be  changed  in  a 
pre-computed  sequence.  The  switching  of  any  or 
all  of  these  parameters  is  accomplished  in  22psec 
giving  the  system  ample  time  (about  200psec)  to 
settle  before  transmitting.  At  the  end  of  the 


multiplexed  Doppler  integration  the  system 
contains  an  entire  Doppler  spectrum  for  each  re¬ 
solvable  range,  each  receive  antenna,  each  fre¬ 
quency  and  each  polarization  measured,  up  to 
8192  128-line  complex  spectra.  The  real-time 
pulse  compression  and  Doppler  processing  is 
oerformed  in  a  digital  signal  processor  embed¬ 
ded  within  the  system  which  is  fast  enough  to 
allow  it  to  keep  up  in  real-time  with  the  data  ac¬ 
quisition.  The  pulse-to-pulse  control  offers  the 
flexibility  to  optimize  the  multiplexing  process 
for  any  of  a  number  of  different  types  of  mea¬ 
surements.  A  few  of  these  are: 

1.  Angle  of  arrival.  Since  the  data  on  four 
spaced  receiving  antennas  is  acquired  quasi- 
simultaneously,  the  signal  phases  measured 
on  each  of  the  antennas  can  be  used  to 
compute  an  angle  of  arrival  for  each  range 
and  Doppler  component  of  the  received 
signal. 

2.  Precise  Group  Height.  By  observing  the 
change  in  phase  of  a  signal  as  a  function  of 
small  changes  in  frequency  (e.g.  10kHz),  the 
altitude  of  a  reflecting  layer  can  be  deter¬ 
mined  with  high  accuracy.  The  limitation  is 
signal-to-noise  ratio  dependent,  but  accura¬ 
cies  of  100's  of  meters  arc  routinely  achiev¬ 
able.  The  time  history  of  the  precise  height 
can  be  measured  by  repeated  soundings  at  a 
fixed  frequency. 

3.  Identification  of  O  or  X  Propagation  Mode.  By 
simultaneously  integrating  all  heights  at  both 
polarizations,  the  detected  echo  is  compared 
in  the  two  separate  data  buffers  to  determine 
which  receive  polarization  produced  a  larger 
response,  therefore  even  cllipticaily  polarized 
signals  can  be  declared  0  or  X  even  though 
some  of  the  echo  amplitude  "leaks"  into  the 
wrong  polarization  channel. 

4.  High  Doppler  Resolution.  Although  high 
Doppler  resolution  could  be  achieved  simply 
by  slowing  down  the  pulse  repetition  rate  or 
producing  extremely  large  Doppler  spectra 
(e.g.  4096  complex  Doppler  liri"«),  both  ap¬ 
proaches  increase  the  time  required  to  make 
measurements.  Since  the  ionosphere  rarely 
produces  more  than  a  few  Hertz  of  Doppler 
shift  the  Doppler  analysis  of  pulses  transmit¬ 
ted  at  a  200Hz  rate  (giving  a  Doppler  range  of 
+  l?<’Hz)  is  usually  inefficient.  However,  by 
simultaneously  integrating  16  sounding 
frequencies,  the  Doppler  range  is  brought 
down  to  +6Hz,  which  can  provide  0.094IIz 
Doppler  resolution  rat  t  than  l.SHz.  At  the 
-nd  of  this  multiple>ed  integration  16  fre¬ 
quency  steps  have  feen  measured  and  are 
ready  for  display.  This  high  Doppler  rcsc!-i. 
lion  swept  frequency  ionogram  is  performed 


16  limes  faster  than  would  be  possible  with  a 
conventional  non-multiplexed  mode  of  op¬ 
eration. 

Automatic  Sequencing 

An  operator  who  is  only  casually  familiar  with 
the  inner  workings  of  a  DPS  sounder  can  easily 
compose  some  very  complex  measurement  se¬ 
quences  by  selecting  programmed  measurement 
parameters  from  an  interactive  screen.  The  pa¬ 
rameters  presented  on  the  screen  specify  fre¬ 
quency  range,  frequency  resolution,  multiplexing 
parameters,  height  resolution,  Doppler  range  and 
resolution,  data  storage  formats  and  automati¬ 
cally  schedule  unmanned  operation  Since  there 
arc  up  8,192  Doppler  spectra  in  memory  at 
the  end  of  a  coherent  integration,  and  typically 
less  than  \%  is  useful  data  at  the  end  of  a 
coherent  integration,  data  storage  formats  allow 
the  user  to  specify  criteria  for  reducing  the 
amount  of  data  stored: 

a.  selection  of  1  maximum  amplitude  in  each 
Doppler  spectrum  per  height  measured. 

b.  storage  of  spectra  from  of  a  limited  number 
of  heights  around  the  leading  edge  of  a  layer. 

c.  storage  of  a  limited  number  of  Doppler  lines 
around  zero  for  each  height  measured. 

o.  cr  storage  of  everything  available  (i.e.,  a 
scattering  function  which  is  all  Doppler  lines 
at  all  ranges  measured). 

The  program  and  schedule  settings  selected  by 
the  user  (either  remotely  or  locally)  during  an 
interactive  editing  session  arc  stored  in  a  hard 
disk  file  and  become  the  new  default  settings  the 
next  time  the  system  is  turned  on. 

Oblique  Sounding 

Before  addressing  the  use  of  oblique  sounding 
data  for  the  characterization  of  the  ionosphere  at 
the  midpoint,  we  will  describe  this  operating 
mode.  In  addition  to  the  CW  waveform,  the  DPS 
has  optimized  oblique  channel  measurements  by 
providing  precision  timing,  a  highly  stable  fre¬ 
quency  source  and  automatic  synchronization 
with  distant  transmitters.  All  timing  waveforms 
are  generated  from  a  counter  chain  which  can  be 
driven  by  a  Rubidium  frequency  standard.  The 
counter  chain  can  be  synchronized  to  an 
"external"  1  PPS  (pulse  per  second)  timing  refer¬ 
ence  (typically  GPS,  GOES  satellite  clock,  or 
LORAN)  and  will  maintain  synchronization  to 
lpsec  accuracy.  The  internal  timing  signals  can 
be  offset  by  '  pre-determined  amount  (i.e.  a 
menu  parameter)  up  to  0.5  seconds  to  compen¬ 
sate  for  propagation  time  delays.  Therefore, 
each  transmitted  pulse  occurs  just  as  the 
receiving  system  expects  it. 


The  oblique  ionogram  data  stored  for  midpoint 
measurements  is  a  16  line  Doppler  spectrum  at 
each  of  256  heights  (time  delays)  providing  96 
dB  of  dynamic  range  in  0.375dB  steps.  This  data 
is  stored  on  a  disk  file  and  on  a  tape  cartridge 
and  the  midpoint  profile  processing  can  proceed. 


3.  ADAPTIVE  OBLIQUE  IONOGRAM 
SCALING  AND  PROFILE  INVERSION 

We  have  developed  an  adaptive  set  of  robust 
algorithms  to  automatically  scale  and  invert 
oblique  ionograms.  These  algorithms  utilize  one 
or  both  scaled  end  point  vertical  ionograms  to 
estimate  the  oblique  ionogram.  This  estimate, 
which  is  used  by  subsequent  filtering  and  trace 
identification  algorithms,  is  updated  whenever 
the  vertical  ionograms  change. 


The  automatic  oblique  ionogram  scaling  algo¬ 
rithm  uses  a  tracking  algorithm  (Sun,  1989)  to 
determine  the  leading  edge  points  of  each  echo 
trace.  These  scaled  leading  edge  points  are  used 
directly  to  calculate  a  midpoint  electron  density. 
The  direct  inversion  process,  assumes  each  iono¬ 
spheric  layer  can  be  modeled  with  a  quasi¬ 
parabolic  electron  density  profile.  This  inversion 
technique  requires  the  absolute  group  path 
information  that  is  provided  by  the  synchronized 
operation  of  two  Digisondes.  The  tracking 
algorithm  uses  the  scaled  vertical  ionogram, 
produced  in  the  end  point  Digisonde,  to 
synthesize  the  echo  traces  that  would  be 
measured  over  the  oblique  link  if  the  midpoint 
ionosphere  and  the  ionosphere  at  the  transmitter 
were  identical.  While  the  overhead  and  midpoint 
ionospheres  are  typically  not  equal,  they  are 
similar  enough  to  provide  an  excellent  starting 
point  from  which  any  differences  between  the 
ionosphere  at  these  two  locations  can  be 
determined.  incse  synthesized  oblique  echo 
traces  are  also  used  in  a  noise  suppression  filter 
and  subsequent  trace  identification  algorithm. 
The  utilization  of  these  real-time  synthesized 
oblique  echo  traces  produces  an  adaptive 
algorithm  whose  performance  is  superior  to  a 
non-adaptive  approach. 

Frequency  Redundancy  Filter 

The  first  operation  performed  on  the  received 
oblique  ionogram  is  a  frequency  redundancy 
noise  suppression.  A  100kHz  oblique  ionogram, 
which  has  sufficient  resolution  for  calculating  the 
equivalent  midpoint  election  density  profile,  is 
generated  from  cither  25  or  50kHz  sounding 
data  by  selecting  the  highest  signal-to-noise 
ratio  channel  from  each  set  of  four  adjacent  25 
kHz  soundings  or  two  adjacent  50kHz  soundings. 
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Noise  Suppression  Wiener  Filler 


Midnoim  Profile  Modeling 


The  subsequent  noise  suppression  filter  uses  an 
adaptiv  minimum-mean-square  Wiener 
T.'.tzzi.  g  technique  (Andrews  and  Hunt.  1969. 
Kuklinski  et  a!..  1990).  The  100kHz  oblique 
ionogram  is  modeled  as  the  sum  of  a 
poise/interference  signal  and  the  desired  noise 
free  oblique  autotraces.  The  Wiener  filter  is 
produced  by  dividing  the  power  spectral  density 
of  the  synthesized  oblique  echo  traces  by  the 
sum  of  the  power  spectral  densities  of  the 
synthesized  oblique  echo  traces  and  an  estimate 
of  the  noise  power  spectral  density  as  shown  in 
equation  (1). 

Pct(  <at.6)f) 

H  (  6),.  Of  )  = -  ( 1 ) 

Pct(  “t.“f)  J  pn(  “l.“f) 


The  noise  power  spectral  density  was  calculated 
from  ionograms  recorded  while  the  transmitter 
was  off,  using  a  two-dimensional  periodogram 
technique.  Typical  results  are  shown  in  Figure  4. 
The  upper  panel  is  a  represen'ative  100kHz 
oblique  ionogram  with  the  corresponding  filtered 
ionogram  in  the  lower  o.i  tel. 


Our  technique  assumes  that  the  ionosphere  at 
the  midpoint  can  be  modeled  by  one  or  more 
quasiparabolic  (QP)  segments  (Dyson  and 
Benrcit.  198S).  In  principle,  the  parameters  that 
define  a  single  QP  layer  can  be  calculated  from 
any  three  pairs  of  group  path  vs.  sounding 
frequency  data  since  the  ground  range  between 
transmitter  and  receiver  is  known.  In  practice 
however,  the  numerical  sensitivity  of  the 
equations  that  relate  the  group  path  and  ground 
range  of  a  ray  to  the  take-off  angle  and  QP  layer 
parameters,  causes  these  three  point  solutions  to 
be  unstable.  The  tracking  algorithm  utilized  here 
has  the  flexibility  to  produce  the  required 
number  of  scaled  leading  points  for  a 
numerically  stable  inversion. 

The  inversion  algorithm  uses  a  simulated 
annealing  optimization  method  to  determine  the 
QP  electron  density  profile  (Croft  and  Hoogasian, 
1968)  for  each  layer.  The  QP  layer  is  defined  as  : 


The  synthesized  oblique  echo  traces,  derived 
front  the  end  point  ionograms,  are  also  used  to 
define  regions  of  interest  for  subsequent 
processing.  These  regions  of  interest,  as  shown 
in  the  upper  panel  of  Figure  5,  are  defined  as  all 
points  within  a  specified  number  of  group  path 
range  bins  and  sounding  frequencies  of  the 
synthesized  oblique  echo  traces.  At  present  the 
allowable  variations  were  derived  from  the 
variances  of  an  oblique  ionogram  data  base.  Any 
echoes  in  the  region  of  interest  for  a  particular 
layer  is  considered  to  be  part  of  the  echo  trace 
for  that  layer. 

The  tracking  algorithm  determines,  at  a  given 
sounding  frequency,  where  the  echo  trace  most 
closely  matches  an  assumed  template  of  echo 
trace  amplitudes.  To  obtain  this  optimal  location, 
the  template  is  translated  and  rotated  about  an 
initial  estimate.  The  mean  square  difference 
between  the  actual  echo  trace  amplitudes  and 
the  template  is  used  by  two  sequential  gradient 
searches,  one  for  translation  and  one  for  rotation, 
to  determine  the  optimal  location.  The  results  of 
this  local  search  process  are  the  locations  of  the 
center,  leading  and  trailing  edges  of  the  echo 
trace.  The  algorithm  uses  this  information  to 
estimate  the  group  path  of  the  echo  trace  at  the 
next  sounding  frequency  to  be  processed.  The 
template  matching  procedure  is  repeated  until 
the  entire  echo  trace  is  scaled  in  this  manner. 


where  Ne=  electron  density,  r  =  radial  distance 
from  earth  center,  rt,  =  radial  distance  to  the 
bottom  of  the  layer,  rm  =  radial  distance  of 
maximum  electron  density,  Nm  =  maximum 
electron  density,  and  ym  the  layer  semithickness. 

The  E  layer  QP  parameters  arc  determined  from 
the  scaled  oblique  E  echo  points.  This  QP  E  layer 
and  the  scaled  oblique  FI  echo  points  are  used  to 
determine  the  FI  layer  QP  parameters  and,  if  an 
F2  trace  is  present,  the  E  and  FI  layer  QP  pa¬ 
rameters  and  the  scaled  oblique  F2  echo  points 
arc  used  to  determine  the  F2  layer  QP 
parameters. 

The  multilayer  QP  model  produces  the  following 
analytical  relationships  for  the  group  path,  P\ 
and  the  ground  range,  D,  of  a  ray  in  terms  of 
takeoff  angle,  sounding  frequency,  and  layer 
parameters. 

D  =  2  gu(  rmj,  ymj,  Nnlj,  p,f)  (2) 

P'  =  ^  S2i(  rmi.  ymi.  Nmi-  P.0  (3) 

where  i  is  the  layer  index,  p  is  the  ray  takeoff 
angle,  and  f  is  the  sounding  frequency. 


Figure  4.  100kHz  Oblique  Ionogratn  Produced  via  the  Frequency  Redundancy  Technique  (Upper). 

Resulting  100kHz  Oblique  Ionogram  After  Processing  through  the  Modified  Wiener  Trace 
Enhancement  Algorithm  and  the  Noise  Suppression  Technique  (Lower).  Goose  Bay,  Labrador 
to  Millstone  Hill,  Massachusetts;  April  5,  1988,  1908  UT. 
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Figure  5.  End  Point  Synthesized  Oblique  Ionogram  via  Secant  Law  (Lower).  Region  of  Interest 
Calculated  f>om  the  E  and  F  Layers  of  the  Corresponding  Vertical  Ionogram  (Upper).  Goose 
Bay,  Labrador  to  Millstone  Hill,  Massachusetts;  April  5,  1988,  1859  UT, 
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The  simulated  annealing  optimization  technique 
we  use  to  determine  the  QP  electron  density 
profile  has  been  applied  to  solve  many  large 
scale  combinational  optimization  problems  (van 
Laarhoven  and  Aarts,  1988).  In  these  optimiza¬ 
tion  problems  an  objective  function  that  depends 
on  the  configuration  of  a  large  set  of  system  pa¬ 
rameters  is  minimized.  In  the  QP  electron 
density  profile  inversior  problem,  the  system  is 
the  collection  of  quasiparabolic  segments  used  to 
model  the  midpoint  ionosphere.  The  objective 
function  used  in  the  electron  density  inversion  is 
the  sum  of  the  squared  differences  between  the 
group  paths  calculated  from  the  QP  model  and 
those  obtained  from  the  scaled  oblique  iono- 
grams. 

Typical  results  are  seen  in  Figures  6,  7  and  8. 
The  left  panels  of  each  figure  show  the  group 
paths  calculated  from  the  QP  electron  density 
model  (dots)  in  relation  to  the  oblique  ionogram. 
The  right  panels  are  the  corresponding  ground 
ranges  in  relation  to  the  known  ground  range 
(straight  line).  Seven  scaled  points  from  the 
oblique  ionogram  were  used  in  this  example.  The 
upper  panels  of  Figure  6  contain  the  original 
scaled  oblique  ionogram  and  the  known  ground 
range.  The  middle  panel  of  Figure  5  shows  the 
group  paths  and  ground  ranges  of  the  seven  rays 
for  the  initial  estimates  of  the  layer  parameters 
and  rays  takeoff  angles.  Any  group  path  differ¬ 
ences  greater  than  500km  are  plotted  as  being 
equal  to  500km,  hence  the  four  group  path 
points  at  the  top  of  the  left  middle  panel  of  this 
figure.  After  the  first  iteration  the  three  low 
angle  ray  group  paths  arc  within  41km  of  the 
actual  oblique  data,  while  the  three  low  angle 
ray  ground  ranges  are  within  43km  of  the  actual 
ground  range.  Figure  7  contains  the  data 
obtained  for  iterations  3  through  5  in  the  upper, 
middle  and  lower  panels  respectively,  while 
Figure  8  contains  the  corresponding  data  for 
iterations  6  through  8.  As  the  iterations  are 
performed  the  algorithm  converges  to  a  QP  layer 
that  minimizes  the  total  difference  between  the 
measured  and  calculated  oblique  ionograms.  By 
the  eighth  iteration  (lower  panel  of  Figure  8)  the 
largest  group  path  difference  between  the  actual 
data  and  the  quasiparabolic  model  is  4km,  while 
the  largest  ground  range  difference  is  6km. 


4 .  CONCLUSION 

A  small  low  cost  ionospheric  sounder  has  been 
developed  and  tested  that  is  optimally  suited  for 
automated  vertical  and  oblique  sounding. 
Automatic  scaling  algorithms  for  the  vertical  as 
well  as  the  oblique  ionograms  provide  the  verti¬ 
cal  electron  density  profiles  at  the  sounder  loca¬ 
tions  and  at  the  midpoints.  While  the  real  time 


scaling  profile  inversion  of  the  vertical  iono¬ 
grams  has  become  a  routinely  applied  technique, 
the  automatic  scaling  of  oblique  ionograms  in 
terms  of  quasiparabolic  midpoint  profiles  is  still 
at  an  experimental  stage. 
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DISCUSSION 


C.  GOUTELARD 

Voire  communicalion  est  trds  intdressante  el  clle  m’a  passionnd  au  point  de  vous  poser  deux  questions. 

Vous  signalez  que  la  puissance  dquivalentc  en  impulsion  de  voire  systfcme  est  dc  8MW.  II  me  semble  cepenJant  que 
vous  cffecluez  un  traitcmcnt  post-correlation  par  transform^  de  Fourier.  11  faudrait  tenir  compte  d’un  traitement 
similaire  dans  le  cas  du  systime  mipulsionncl.  Dc  plus  en  tdldddtcction  oil  la  fonction  d'ambiguitd  du  signal  don  Sure 
prise  en  compte  les  codes  continus  sc  trouveat  pdnalisds.  Pouvcz-vous  fairs  un  commentarre? 

Ma  deuxiime  question  porte  sur  le  module  que  vous  utiliscz  pour  l’ionosphfcrc,  un  modfcle  4  trois  couches  quasi 
paraboliques.  Ccla  permet  de  mener  des  calculs  analytiques.  Nous  ulilisons  un  module  proche  de  cclui  de  Bradley 
Dudeney  avec  2  couches  quasi  paraboliques  ct  1  couche  quasi  lindairc.  Nous  menons  comme  vous  des  calculs 
analytiques  -  par  excmplc  avec  des  dquations  de  Lagrange  -  pour  moddliser  la  propagation.  Quel  est  votre  avis  sur 
1’opportunitd  d'utiliscr  Fun  dcs  modules  plutOt  que  I’aulre? 

Yoin  paper  is  very  i mere sling  and  it  impressed  me  so  much  that  /  should  like  lo  ask  you  two  questions' 

You  state  that  ihe  equivalent  pulse  power  of  your  system  is  8MW.  It  seems  to  me  however,  that  you  carry  out  post- 
correlation  piocessing  using  a  Fourier  transform.  Similar  processing  WAtid  need  to  be  allowed  for  in  the  pulsed 
system  What  is  more,  the  continuous  codes  are  penalised  in  rentole  sensing  where  allowance  needs  to  be  made  for 
ihe  ambiguity  function  of  the  signal.  Would  you  cate  to  comment  ? 

My  second  question  concerns  tlte  model  which  you  use  for  the  ionosphere,  a  model  with  three  quasi  parabolic  layers. 

This  enables  one  to  make  analytical  calculations.  We  use  a  model  similar  to  the  one  produced  by  Bradley  Dudeney 
with  2  quasi  parabolic  layeis  and  I  quasi  linear  Ic  wr  Like  you,  we  make  analytical  calculations  -  using  Lagiange 
equations  for  example  -  to  model  propagation.  What  do  you  think  is  the  advisability  of  using  one  model  rather  than 
the  othci  ? 

AUTHOR’S  REPLY 

7.  For  oblique  sounding  we  use  the  127  bit  maximal  length  sequence  code  providing  21  dB  S/N  improvement.  Another  21 
dB  S/N  gain  is  obtained  by  the  128  point  Doppler  integration.  42  dB  over  500  W  corresponds  to  8  MW  of  a  single  pulse  no- 
integration  system.  Without  spectral  integration  (like  in  the  Digisonde)  one  should  not  phase-coherently  integrate  more  than 
8  pulses  (to  amid  loss  of  Doppler  shifted  echoes).  This  requires  1  MW  for  the  same  S/N  radio. 

2.  The  Bradley-Dudeney  profile  may  have  an  advantage  over  the  3  parabola  model  in  that  it  has  less  harsh  discontinuities 
between  the  layers.  We  prefer  the  parabolic  model  since  it  can  be  made  completely  smooth  (continuous  first  derivative)  by 
adding  two  inverted  parabolas  between  the  layer  parabolas.  Fast  analytical  ray  tracing  through  parabolic  sections  of  the 
ionosphere  exists.  Stability  of  the  inversion  solutions  is  good  for  our  technique,  1  do  not  know  what  it  would  be  for  the  B-D 
profile. 


E.  SCHWEICUER 

1.  Did  you  use  a  Barker  code  or  some  other  pseudo-stochastic  code? 

2.  Did  you  perform  your  pulse  compression  by  software  or  by  hardware? 

AUTHOR’S  REPLY 

7.  A  complementary  8  bit  code  is  used  for  vertical  ding  in  a  "moderate'  ionosphere.  The  Barker  code  is  used  in  a  high- 
Doppler  (polar  cap)  ionosphere. 

2.  Software  pulse  compression. 
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SUMMARY 

The  ionospheric  reflection  channel  is  known  to  be 
dispersive,  random  and  time  varying.  The  dispersion 
comes  about  because  the  ionized  medium  itself  is 
dispersive  as  well  as  the  fact  that  the  radio  waves  at 
various  frequencies  within  a  frequency  band  follow 
different  ray  paths  in  the  reflection  process  in  order  for 
all  frequencies  within  ihe  band  of  the  signal  to  converge 
on  the  fixed  receiver.  Several  decades  of  sounding  and 
experimentation  have  cumulated  a  wealth  of  evidence  to 
show  that  the  ionosphere  usually  contains  a  spectrum  of 
irregularities  extending  in  scale  from  centimeters  to 
hundreds  of  kilometers.  A  convenient  way  to  describe 
such  a  plethora  of  irregularities  is  to  use  the  stochastic 
notion,  which  makes  the  reflection  channel  random.  The 
time  dependent  forcing  and  the  ionospheric  winds 
carrying  imbedded  irregularities  with  them  render  the 
channel  lime  dependent.  All  these  effects  combined 
make  the  ionospheric  reflection  channel  dispersive, 
random  and  lime  varying. 

A  sounder  has  been  designed  and  constructed  to  probe  the 
ionosphtre  f  t  such  channel  properties.  The  sounder 
must  be  capable  of  probing  the  ionosphere  for  wideband 
response.  The  implemented  sounder  consists  of  a 
transmitter  located  in  Plaiteville,  Colorado  and  a  receiver 
located  in  Urbana,  Illinois  separated  by  a  ground  distance 
of  1401  km.  The  transmitter  and  receiver  are  both  PC 
controlled  to  sound  the  ionosphere  at  6  frequencies 
selectable  by  the  experimenter  in  the  range  5  to  15  MHz. 
The  sounder  can  be  commanded  by  a  centra!  PC  in  the 
laboratory  to  work  in  e  ther  the  ranging  mode  or  the 
probing  mode.  In  the  ranging  mode,  the  time  delay  is 
measured  while  in  the  probing  mode,  the  quadrature 
components  (or  amplitude  and  phase)  are  measured.  In 


this  paper  we  report  some  experimental  results  obtained 
by  using  this  sounder.  Specifically  some  properties  of 
the  time  dependent  transfer  function  of  the  channel  are 
described. 

I.  INTRODUCTION 

For  decades,  the  Earth's  ionosphere  has  been  probed  by 
HF  pulse  sounders  from  below  the  ionosphere  by  ground 
based  radars  (bottomside  ionosondes)  as  well  as  above 
the  ionosphere  on  board  some  satellites  (topside 
ionosondes).  The  sounding  of  the  ionosphere  from  a 
ground  based  radar  can  be  carried  out  either  in  a  vertical 
sounding  mode  or  in  an  oblique  sounding  mode.  In  the 
vertical  sounding  mode,  the  waves  are  sent  vertically 
upward  and  the  reflected  waves  are  received  at  a  co-locatcd 
receiving  site.  On  the  other  hand,  in  an  oblique 
sounding  mode,  the  receiver  and  transmitter  may  be 
separated  by  an  appreciable  distance.  A  fairly  complete 
description  of  such  techniques  can  be  found  in  [1].  The 
obtained  data  when  displayed  in  the  virtual  height 
(distance)  vs.  frequency  format  is  known  as  an  ionogram. 
For  many  applications  what  is  desired  are  the  ionization 
profiles.  Mathematical  calculations  involved  in 
converting  an  ionogram  into  an  ionization  profile  arc 
sometimes  referred  to  as  true  height  calculations. 
Various  methods  have  been  developed  to  make  these  true 
height  calculations  (2).  In  the  past  the  ionogram  must 
be  scaled  by  hand  and  converted  into  a  digital  format 
understandable  by  a  computer  for  the  true  height 
computation.  This  step  is  slow  and  tedious.  It  can  be 
circumvented  if  the  ionosonde  can  produce  a  machine 
readable  digital  ionogram.  Therefore,  the  digital 
ionosondes  are  invented  (3)  followed  by  the  development 
of  the  associated  algorithms  for  trace  identification  and 
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true  height  ccmputaacn  [4].  Such  software  development 
is  likely  to  be  continued. 

While  digital  ionosondes  ire  sodas  xsd  desirable,  for 
applications  to  communication  such  as  channel 
characterization,  they  are  not  sufficient  at  least  foe  three 
reasons.  First,  even  if  the  reliable  ionization  profiles 
can  be  computed  from  ionograms.  one  needs  to  trace 
many  rays  in  order  to  understand  propagation  conditions. 
Thus  to  obtain  the  desired  communication  channel 
parameters  additional  computations  on  a  computer  are 
needed.  Second,  frequently  the  ionogram  is  blumed  due  to 
presence  of  spread  F  irregularities.  On  such  occasions  it 
may  be  impossible  to  identify  the  trace  on  the  ionogram 
for  true  heigh:  computations.  This  is  the  lime  the 
channel  parameters  are  of  special  interest,  but  the 
ionograms  cannot  be  used  for  channel  chirictcrizalicn. 
Third,  the  current  technology  brings  the  wideband 
transmission  and  coding  into  the  picture.  To  understand 
how  signals  will  behave  requires  rather  sophisticated 
computer  software.  Thaefore.  what  seems  to  be  desirable 
is  a  channel  probe  that  will  measure  the  channel 
parameters  directly.  This  area  has  received  increasing 
intaest  of  late  and  several  probes  have  been  developed 
for  this  purpose  [5.6]. 

In  this  papa  we  review  in  section  2  the  properties  of  the 
ionosphaic  reflection  channel.  The  experimental  system 
i<  then  described  in  section  3.  We  show  some 
preliminary  experimental  data  in  section  4  as  well  as 
statistical  channel  propaties  computed  from  these  data. 
The  paper  is  finally  concluded  in  section  5. 

2.  PROPERTIES  OF  IONOSPHERIC 
REFLECTION  CHANNEL 

A  radio  wave  propagating  through  a  horizontally 
stratified  ionosphere  with  embedded  random  irregularities 
has  its  electric  field  given  in  the  form 

E(  r  )  =  U(  r  )  E0(z)  exp  -jk0  x  sin  80  V/m 

where  E0(z)  in  V/m  is  the  wave  function  for  ityc 
backgt-und  ionosphere,  the  dimensionless  quantity  U(  r) 
is  the  complex  amplitude  and  the  exponential  factor 
takes  care  of  the  phase  shift  originating  from  the  Snell's 
law.  The  product  form  of  these  three  factors  appearing  in 
(1)  is  important  as  it  reveals  the  dependency  of  the 
electric  field  to  various  ionospheric  processes.  As 
mentioned,  the  exponential  factor  comes  from  the  Snell's 
law  and  is  a  constant  factor  for  the  fixed  receiver  (i  e. 
fixed  distance  x).  However,  as  the  radio  frequency  is 
varied,  the  incidence  Angle  0o  must  also  be  varied  so  that 
the  tra.  .  :'tcd  ray  will  be  "homed"  exactly  to  the 
receiver,  ibis  phenomenon  is  sometimes  known  as  the 
frequency  splitting  phenomenon. 

The  factor  E0(z)  satisfies  tho  wave  equation 


d2EoKz2vkoVEo=0  (2) 

where  q2  =  <€  (z)>  -nA0.  At  lie  pom  of  reflecrioa 
(also  knows  as  the  turning  point),  c  vanishes  and  the  ray 
theory  becomes  invalid.  The  usual  technique  is  then  to 
approximate  q2  near  the  tenting  point  linearly  (Le.  the 
first  term  in  a  Taylor's  expansion),  for  which  (2)  has  the 
solution  given  n  terms  of  Airy  functions.  When  away 
from  the  turning  point,  the  Any  functions  are  connected 
smoothly  to  the  WKB  solutions.  Both  theoretical 
studies  [7.S]  and  experimental  studies  [9.10]  have  shown 
that  to  the  first  orda  the  reflection  process  can  be 
modeled  as  a  quadratic  phase  channel.  The  modulus  of 
the  complex  transfer  function  for  such  a  channel  is 
constant  while  the  phase  variation  across  the  frequency 
band  is  approximated  by 

6(ro)  =  6(c3c)  +  6'(<oc)  (<a  -  e>c)  +  j  0'(e>c)  (a  -  mj2  (3) 

where  9(oc)  is  the  phase  at  the  carrier  (angular)  frequency 
e>c.  6'(mc)  is  equal  to  die  time  delay  of  a  pulse  traveling 
from  the  transmitta  to  the  receiva  via  a  reflection  from 
the  ionosphae,  and  6“(cac)  is  known  as  the  dispersion 
coefficient.  In  (3).  the  quadratic  tarn  is  responsible  for 
pilse  dispasicn  and  is  thaefore  a  quantity  of  intaest. 
Past  efforts  in  this  direction  have  been  summarized  in 
several  books  (11].  In  a  horizontally  stratified  isotropic 
ionosphere  the  dispersion  coefficient  can  be 
conveniently  related  to  the  ionogram  by  112.13] 

9-(e>c)=  ~  ’ 

4h*  cos  80  dh'/dfv  (4) 

p'  -  2fc  sin2  0o  dh'/dfv 

fv  =  fr  cos  0O 

where  c  is  the  free  space  velocity  of  light,  h'  ns  the 
virtual  height  at  a  ftequency  fv  related  to  the  carrier 
frequency  fc  by  the  secant  law.  and  p'  is  the  group  path. 
Thus,  if  h'  is  available  from  the  ionogram.  (4)  can  be 
used  to  compute  the  dispersion  coefficient  t>"(toc)  for  a 
given  path.  A  formula  such  as  (4)  is  very  useful  because 
of  worldwide  availability  of  ionograms.  The  use  of  (4) 
can  yield  the  dispersion  coefficient  and  the  dispersion 
bandwidth  [12]  practically  on  a  global  basis. 

As  frequently  happens,  the  ionosphere  can  be  permeated 
by  random  irregularities.  For  waves  reflected  from  such 
an  irregular  ionosphere,  the  otherwise  unity  complex 
amplitude  U  in  (1)  becomes  a  random  function.  Under 
the  forward  scalta  approximation,  U  is  found  to  satisfy  a 
parabolic  equation  which  can  be  solved  numerically  by 
the  phasc-scrccn  diffraction  layer  method  [14].  For  a 
given  ionospheric  model  and  propagation  geometry.  U  is 
solved  for  many  frequencies  across  the  band  of  intetest. 
The  complex  amplitude  U  as  a  function  of  frequency  can 
be  viewed  as  the  complex  transfer  function.  The  modulus 
and  the  phase  of  the  transfer  function  have  been 
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coa tputec  .sd  presetted  for  many  ease*  [15].  Toe  effect 
of  such  a  transfer  function  on  pelse  distortion  can  be 
comp^ed  and  is  shown  visualized  in  Kg.  1.  where 
response  to  a  triangular  input  pulse  is  plotted  at 
successive  distances  (or  successive  times  for  a  moving 
ionosphere).  The  distortion  from  an  idealized  triangular 
pulse  can  be  quantified  by  using  the  concept  of  temporal 
moments  516].  The  first  temporal  moment  is  related  to 
the  time  of  arrival,  the  second  moment  is  related  to  the 
pulse  width,  the  third  moment  is  related  to  the  skewness, 
and  the  fourth  moment  is  related  to  the  kurtosis.  These 
moments  have  also  been  studied  [15]. 

As  indicated  by  (1)  the  combined  effects  caused  by 
scattering  from  irregularities  and  dispersion  from 
background  ionosphere  enter  in  a  multiplicative  fashion. 
They  may  cause  severe  distortion  to  pulses  reflected  from 
the  ionosphere. 

3.  DESCRIPTION  OF  THE  EXPERIMENTAL 
SYSTEM 

In  order  to  investigate  the  wideband  response  of  the 
ionospheric  communication  channel,  a  University  of 
Illinois  sounder  has  been  designed,  constructed  and 
deployed.  The  transmitting  site  is  located  in  Platteville, 
Colorado  (40.18°N.  104.73"W).  The  supporting 
electronics  are  housed  in  a  trailer  which  was  towed  to  the 
Platteville  site  in  the  spring  of  1989.  This  site  is 
operated  by  the  Wave  Propagation  Laboratory.  National 
Oceanic  and  Atmospheric  Administration,  Department  of 
Commerce.  It  was  previously  used  for  high  power 
ionospheric  modification  experiments.  Such  experiments 
are  no  longer  conducted  at  the  site  but  the  antenna  field 
is  still  covered  by  a  goed  ground  conducting  screen 
which  is  now  used  for  our  experiment.  The  transmitting 
antenna  is  a  log-periodic  dipole  designed  to  cover  the  5 
to  15  MHz  band  and  is  fed  with  an  open-wire  line 
coupled  to  the  transmitter  with  a  balun  transformer.  The 
complete  antenna  stands  over  a  wire  mesh  ground  screen. 
The  transmitter  is  capable  of  delivering  to  the  antenna  up 
to  500  watts  wideband  signal  in  the  same  frequency 
range.  The  transmitter  is  driven  with  6  coherently 
generated  frequency  synthesizers,  each  capable  of 
synthesizing  any  one  of  800  equally  spaced  discrete 
frequencies  within  the  5  to  15  MHz  frequency  range. 
This  tiansmilter  is  both  commanded  and  monitored  by  a 
PC  in  the  trailer. 

The  receiver  is  located  at  Urbana,  Illinois  (40.069°N, 
88.225°W)  on  campus  of  the  University  of  ...uois. 
When  viewed  from  riaiicville,  Urbana  is  in  a  direction 
85.16°  east  of  true  north  at  a  great  circle  ground  distance 
of  1401.36  km  away.  Due  to  space  limitations,  the 
receiving  antennas  consist  of  two  pans:  a  relatively 
small  (12  x  30  m)  and  low  (18  m)  horizontally  polarized 
short  dipole  arr-y  is  used  for  receiving  frequencies  10  to 
15  MHz  and  4  dipoles  suspended  between  two  30  m 
towers  are  used  for  receiving  5  to  10  MHz,  Die  receiver 


and  the  associated  recording  devices  are  capable  of 
receiving  up  to  6  different  frequency  channels 
simultaneously.  The  receiver  is  commanded  by  another 
PC. 

The  sounder  system  is  capable  of  operating  in  two 
modes:  probing  mode  and  ranging  mode.  In  the  probing 
mode,  the  complex  field  amplitude  at  the  receiver  due  to  a 
selected  transmitted  CW  is  measured.  Up  to  6  channels 
in  the  5  to  15  MHz  range  can  be  selected.  In  the 
ranging  mode,  .total  propagation  time  delay  between  the 
transmitter  and  the  receiver  via  a  reflection  or  more  from 
the  ionosphere  is  measured  with  10  ps  resolution. 

All  the  receiver  channels  are  identical  and  linear  from  - 
50  dBm  to  100  dBm.  The  first  LO  of  each  channel  is 
coherently  generated  for  6  channels  and  translates  the 
input  signal  to  a  standard  IF  of  60  MHz.  When 
operating  in  the  probing  mode,  the  signal  is  then  further 
translated  to  its  baseband  of  50  Hz  and  I-Q  detected.  The 
I-Q  outputs  are  integrated  over  8  ms  intervals,  digitized 
by  a  PC  and  logged  onto  magnetic  tapes  to  be  processed 
off-line.  This  125  Hz  sampling  rate  is  higher  than  the 
Nyquist  frequency. 

The  ranging  mode  uses  maximal  linear  codes  [17]  to 
phase  modulate  the  CW  that  is  transmitted.  This  code 
has  the  property  that  the  autocorrelation  function  is 
maximum  when  the  code  is  exactly  aligned  with  itself 
and  has  very  low  side  lobes  when  off  aligned.  The  codes 
used  are  255  bits  in  length  and  are  clocked  at  20  kHz, 
making  it  possible  to  measure  a  total  range  delay  up  to 
slightly  over  10  ms.  The  onset  of  the  codes  are  carefully 
timed  in  order  to  synchronize  the  detection  at  the 
receiver.  Time  synchronization  at  the  transmitter  and 
receiver  sites  is  chieved  by  locking  lime  codes 
transmitted  by  the  COES  satellite.  Synchronization  to 
within  50  ps  of  the  cl— ks  is  possible.  In  the  ranging 
mode,  the  search  for  code  coincidence  starts 
simultaneously  with  the  code  onset  at  the  transmitter. 
Search  rale  is  8  ms  per  step.  Each  step  covers  one-fifth 
of  a  code  chip  which  is  50  ps  long.  Therefore,  a 
theoretical  range  resolution  of  10  ps  is  possible.  It 
would  take  10.2  seconds  to  search  through  the  length  of 
the  code.  Mechanism  in  the  receiver  search  hardware 
allows  leapfrogging  a  given  delay  interval  such  that 
delays  less  than  a  fixed  interval  can  be  bypassed  to 
shorten  the  search  time  thus  enabling  us  to  generate 
more  useful  data  in  less  lime.  The  propagation  delay 
determined  by  the  ranging  operation  can  be  used  to 
determine  the  modes  of  propagation  and  ease  the 
interpretation  of  probing  data. 

4.  PRELIMINARY  EXPERIMENTAL  RESULTS 
In  this  section  wc  describe  some  preliminary  experi¬ 
mental  results  obtained  by  using  this  system.  Wc  start 
with  some  sample  data  first.  We  then  show  a  few 
statistical  analyses  that  have  been  performed  on  the  data. 


Shown  in  Fig.  2  is  an  example  of  ranging  data  taken  on 
September  11.  1989  at  six  frequencies  with  channel  1 
(top  channel)  at  12.7750  MHz  and  channel  6  (bottom 
channel)  at  12.8250  MHz.  As  described  in  section  3.  a 
sp'xe  corresponding  to  a  maximum  correlation  occurs 
whenever  the  code  that  modulates  the  received  signal  via 
a  reflection  from  the  ionosphere  is  aligned  with  the 
identical  code  that  is  used  to  modulate  the  receiver's  first 
local  oscillator.  The  time  in  seconds  (referenced  to  the 
start  of  the  experimental  run)  at  which  a  spike  occurs  is 
written  next  to  several  spikes.  For  example,  in  the  top 
plot,  the  second  spike  occurs  at  72.888  seconds  and  the 
third  spike  occurs  at  83.088  seconds.  For  our  system  the 
ranging  code  has  255  bits  with  a  bit  length  of  50  p.s  but 
an  offset  of  a  fifth  of  the  bit  length,  making  the  time 
resolution  in  the  delay  measurements  to  be  10  (is  and  the 
total  number  of  offsets  in  a  period  to  be  1275  (=  5  x 
255).  In  the  receiver  each  offset  is  integrated  over  a 
time  interval  of  8  ms,  so  that  the  two  codes  will  be 
repeatedly  realigned  every  10.2  s  (=  1275  x  8  ms).  To 
the  extreme  right  of  Fig.  2  are  periods  at  which  spikes 
are  repeated  for  that  channel  frequency.  As  depicted  the 
values  indicated  are  exactly  10.2  s  as  expected  or  very 
close  to  it  (except  for  channel  5  where  only  weak  spikes 
arc  observed  if  any). 

Since  the  UT  clock  at  the  transmitter  did  not  work 
properly  when  the  data  were  taken,  the  absolute 
propagation  delay  is  not  available.  The  relative  delays 
between  channels  (frequencies),  however,  can  be 
calculated  from  the  data.  The  relative  delays  between 
spikes  that  occur  on  different  channels  using  cnannel  6 
as  a  reference  are  displayed  in  a  table  at  the  top  left 
comer  of  the  figure.  However,  each  of  the  six  channels 
had  a  different  starting  offset,  which  can  be  set  to  any 
desired  value,  and  in  this  case  it  is  10  bits  from  one 
another.  This  means  that  there  was  a  0.50  ms  artificial 
delay  in  the  adjacent  channels.  True  values  of  the 
relative  delay  taking  this  into  account  appear  in  the 
corrected  relative  delay  column  of  the  table.  All  the 
output  peaks  have  0  relative  delay  except  for  channel  3 
which  occurs  0.01  ms  after  the  other  channels.  The 
information  of  relative  delay  allows  us  to  estimate  the 
frequency  dispersion  of  the  channel.  Since  the  relative 
time  delay  at  different  frequencies  is  so  small  (with  an 
upper  bound  equal  to  0.01  ms)  for  a  frequency  separation 
of  0.0625  MHz  (between  channels  1  and  4),  the 
dispersive  coefficient,  defined  as  the  second  derivative  of 
the  phase  with  respect  to  the  angular  frequency  0"  for  a 
communication  circuit,  can  be  computed  to  be  0.255  x 
10-10  or  smaller.  Using  the  formula  given  by  [12], 

Af  =  0.152/  v  l«J>  "1  (5) 

the  implied  dispersive  bandwidth  Af  can  be  computed  to 
be  30  kHz  or  larger.  This  is  quite  a  reasonable  value. 


On  many  occasions  the  spikes  in  the  ranging  data  have 
been  found  to  split  into  two  or  even  three  indicating  the 
presr.ice  of  multiple  discrete  modes.  During  these 
occasions,  the  Doppler  power  spectrum  obtained  by 
taking  FFT  of  the  complex  signal  shows  multiple  lobes. 
These  samples  are  shown  elsewhere  (18). 

When  the  sounder  operates  in  the  probing  mode,  the  in- 
phase  and  quadrature  phase  components  are  measured. 
From  these  two  components,  the  amplitude  and  phase  can 
be  computed  and  plotted  as  a  function  of  time  as  depicted 
in  Fig.  3(a)  and  3(b).  The  amplitude  at  all  six 
frequencies  is  found  to  fade  randomly  while  the  phase 
varies  nearly  linearly  corresponding  to  a  Doppler  shift  of 
about  0.44  Hz.  It  is  suspected  that  the  major 
contribution  to  this  apparent  shift  comes  from  the 
relative  offset  between  the  oscillator  at  the  receiver  from 
that  at  the  transmitter.  It  is  interesting  to  note  that,  for 
channel  4,  at  a  time  near  4.7  s  the  amplitude  fades  down 
to  zero  and  correspondingly  the  phase  shows  a  jump  of 
180  degrees  at  the  same  time.  This  phenomenon  can  be 
alternately  illustrated  in  the  complex  plane  for  the 
complex  signal  as  a  locus  plot  depicted  in  Fig.  3(c). 
Here  the  locus  is  plotted  for  the  first  10  seconds.  At  0  s 
the  amplitude  of  channel  4  is  roughly  1.6  and  the  phase 
is  slightly  larger  than  0.5  rc  radians  (or  slightly  larger 
than  90°  degrees).  This  starting  point  is  marked  by  a 
letter  s  in  Fig.  3(c)  as  well  as  all  points  one  second  apart 
on  the  locus.  However,  some  s  letters  may  be  masked  by 
the  twisting  locus  curve.  As  time  increases,  the  phase 
decreases.  On  a  locus  plot  the  locus  for  a  decreasing 
phase  traces  out  a  clockwise  spiral  around  the  origin.  At 
4.7  s  the  locus  touches  the  origin  at  which  the  amplitude 
is  zero  and  the  phase  jumps  by  180  degrees.  Physically, 
this  phenomenon  is  caused  by  multipath  resulting  in  a 
complete  destructive  interference.  Theoretically  such  a 
phenomenon  has  been  predicted  by  numerical  simulations 
(15).  If  this  happens  near  the  carrier  frequency,  the  pulse 
distortion  is  expected  to  be  very  severe  at  this  instant. 

When  properly  adjusted,  the  amplitude  and  phase  plots 
such  as  those  in  Fig.  3(a)  and  (b)  can  be  viewed  as  the 
transfer  function  H(co,t)  of  the  ionospheric  reflection 
channel.  For  communication  applications,  the  transfer 
function  is  of  most  interest.  A  variety  of  statistical 
quantities  can  be  defined  based  on  H(to,t)  to  characterize 
the  performance  of  the  channel  (19, 2u).  Assuming  wide- 
sense  stalionarity,  a  two-frequency  two-time  correlation 
function  can  be  defined  as 

Bh  (to, £2,t)  =  <H  (to.t,)  H(co+£2,it+t)>  (6) 

where  (0  is  the  carrier  angular  frequency  and  £2  is  the 
sideband  angular  frequency.  The  special  case 
corresponding  to  £2  =  0  is  the  autocorrelation  function. 
One  example  (after  being  normalized  to  unity  at  zero 
lime  lag)  obtained  at  12:56:00  CST,  Fcbr.  2,  1990  is 
shown  in  Fig.  4.  From  this  figure,  the  coherence  time 
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(time  lag  at  which  the  autocorrelation  function  is  dropped 
to  a  value  of  0.5)  is  approximately  1.86  s.  corre¬ 
sponding  to  a  Doppler  spread  of  0.538  Hz. 

The  cross  correlation  function  (6)  can  be  similarly 
computed  after  being  normalized  by  the  autocorrelation 
function  at  zero  lag.  However,  experimentally  since  we 
probe  six  frequencies  at  a  lime,  the  computation  of  (6) 
can  be  carried  out  only  for  a  set  of  discrete  to  and  Cl 
values.  In  this  regard  we  wish  to  examine  the  generally 
employed  communication  model  known  as  "uncorrelatcd 
channel."  For  such  an  ur.  orrelated  channel,  the  cross 
correlation  function  defined  by  (6)  depends  on  frequency 
difference  Cl  only  but  not  on  the  center  frequency  to.  To 
test  the  validity  of  this  hypothesis,  the  cross  correlation 
function  Bjj  can  be  computed  from  the  experimental  data 
for  the  same  Cl  but  for  different  to.  This  is  done  and 
depicted  in  Fig.  5.  All  three  curves  shown  in  Fig.  5  are 
computed  for  the  same  frequency  separation  Cl  =  37.5 
kHz  but  at  three  different  center  frequencies:  12.2125 
MHz  for  Fig.  5(a),  12.25  MHz  for  Fig.  5(b)  and  12.325 
MHz  for  Fig.  5(c).  Comparison  among  three  curves 
shows  that  the  cross  correlation  curves  are  quite  similar 
between  (a)  and  (b),  but  dissimilar  between  (a)  and  (c). 
Accordingly  the  uncorrelatcd  channel  mode!  is  valid  only 
when  the  center  frequency  to  does  not  differ  by  a  range. 
For  Fig.  5  this  range  is  between  37.5  kHz  and  75  kHz. 
Additionally,  we  notice  that  the  cross  correlation 
functions  shown  >n  Fig.  5  do  not  possess  an  even 
symmetry  with  respect  to  Cl  as  sometimes  assumed  by 
some  authors.  The  frequency  separation  fl  at  which  the 
value  of  the  normalized  two-frequency  two-time  function 
is  0.5  can  be  defined  as  the  coherence  bandwidth.  A 
comparison  of  Figures  4  and  5  shows  that  the  coherence 
bandwidth  is  slightly  less  than  37.5  kHz.  When  the 
separation  is  doubled  (i.c.  Cl  ~  75  kHz)  at  the  same 
center  frequency,  the  peak  cross  correlation  drops  from 
0.4  to  slightly  less  than  0.3.  In  this  case,  the  cross 
correlation  is  found  to  be  very  sensitive  to  the  center 
frequency. 

5.  CONCLUSION 

The  ionospheric  reflection  channel  is  dispersive,  random 
and  time  varying.  Its  properties  are  discussed  in  section 
2  for  both  the  background  ionosphere  and  the  perturbed 
ionosphere.  The  background  ionosphere  is  responsible 
for  causing  dispersive  properties  of  the  ionospheric 
reflection  channel.  Under  idealized  conditions,  the 
dispersion  coefficient  can  be  related  to  the  ionogram 
data.  This  is  convenient  because  of  the  availability  of 
ionograms  on  a  worldwide  basis.  On  the  other  hand  the 
presence  of  ionospheric  irregularities  is  responsible  for 
making  the  reflection  channel  random  and  lime  varying. 
The  combined  effect  of  a  perturbed  ionosphere  enters  in 
the  product  form  as  shown  in  (1). 

An  ionospheric  probe  is  next  described.  It  has  been 
designed  to  investigate  the  wideband  properties  of  the 


ionospheric  reflection  channel.  The  probe  capable  of 
sounding  the  ionosphere  from  5  to  15  MHz  has  been 
deployed  over  a  1400  km  path.  Some  sample  data  have 
been  collected.  From  these  data  quantities  such  as 
dispersive  bandwidth,  coherence  time,  Doppler  spread, 
coherence  bandwidth  can  all  be  found.  The  curious 
phenomenon  of  a  phase  jump  at  zero  amplitude  fade 
predicted  in  theoretical  simulation  is  found 
experimentally.  At  the  instance  of  this  phenomenon 
occurring  at  the  carrier  frequency  a  severe  distortion  of 
the  transmitted  pulse  is  expected.  An  examination  of  the 
two-frequency  two-time  cross  correlation  shows  that  the 
ass.  iption  of  WSSUS  channel  as  often  made  by  many 
authors  is  not  realistic  for  wideband  applications.  Initial 
data  suggest  the  ionosphere  channel  to  be  very  complex. 
Data  are  needed  in  order  to  characterize  the  channel  more 
realistically. 
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Fig.  1  Simulated  response  to  a  triangular  input  pulse  at 
a  carrier  frequency  ot  6  MHz  at  successive 
distances  [15], 


Fig.  2  Sample  ranging  taken  at  15:33  CST,  September 
11,  1389  showing  relative  time  delays  at  six 
frequencies  (21). 
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Fig.  3  (a)  Amplitude  in  linear  scale  as  a  function  of  time 
for  six  selected  frequencies.  Data  taken  at 
13:43.30.  Oct.  2,  1989. 


Fig.  3  (b)  Phase  in  p  radians  as  a  function  of  time  for 
six  selected  frequencies  for  the  same  data  as 
(a). 
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DISCUSSION 


B.  REINISCH 

1.  In  your  propagation  experiments  you  will  encounter  superposition  of  multipath  signals  (microstructure  if  single  mode).  Do 
you  separate  signals  with  different  angles  of  incidence  and  different  polarization? 

2.  Synchronization  with  GOES  satellite  signals  is  unreliable  because  of  msec  uncertainties.  Have  you  considered  using  GPS 
receivers? 

AUTHOR’S  REPLY 

1.  We  rely  on  time  delay  to  differentiate  modes  of propagation.  The  fading  is  caused  by  multiple  micropaths  and  is  an  area 
of  our  research  interest. 

2.  Currently  we  hope  to  upgrade  the  system  by  using  the  GPS  system. 


E.  SCHYVEICHER 

Why  did  you  perform  I-Q  detection? 

AUTHOR’S  REPLY 

This  is  done  because  of  our  desire  to  study  both  amplitude  and  phase  of  the  received  signal. 


E. TULUNAY 

Your  random  model  for  the  ionosphere  is  nonstalionary.  However,  you  use  statistical  models  valid  for  stationary  processes. 
Could  you  comment  on  this? 

AUTHOR’S  REPLY 

In  a  simulation  study,  the  ionospheric  statistical  properties  are  strictly  stationary.  There  is  therefore  no  problem.  However, 
when  one  is  dealing  with  real  experimental  signals,  they  are  usually  noil-stationary.  For  short  term  behavior  it  is  possible  to 
do  a  statistical  testing  on  a  segment  of  data  to  assure  the  statistical  properties  are  varying  within  some  bound.  When  this 
happens,  the  statistical  analysis  can  be  petfomed. 
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Abstract 

One  of  the  many  information  sources  needed  to  control  the 
reliability  of  a  High  Frequency  (HF)  communications  link  is 
the  current  state  of  the  ionosphere.  This  can  be  determined  in 
anumberof  ways  which  includcprobing  of  the  ionosphere  with 
an  active  radiating  system  (an  ionosonde);  passive  monitoring 
of  broadcast  systems  (for  example,  the  BBC  World  Service 
operates  simultaneously  on  a  scriesofshort-wavc  frequencies); 
passivemonitoring  ofsignalsofoppommity  such  as  commercial 
time,  FAX  and  RTTY  signals;  finally,  the  use  of  the  long-term 
predictions  which  employ  ionospheric  forecasting  and 
modelling  techniques. 

Obviously,  there  is  great  advantage  in  passively  monitoring  the 
state  of  the  ionosphere  without  further  congestion  of  the 
medium  This  paper  suggests  a  rationale  for  future  remote 
sensing  systems  using  as  an  example  an  economic  sounding 
system  that  employs  standard  radio  system  elements.  The 
proposed  rationale  is  based  upon  a  generic  architecture  which 
can  maximise  the  information  gathered  with  the  minimal 
active  radiation  of  EM  energy. 

The  system  described  can  passively  monitor  the  outputs  from 
proprietary  'chirp'  sounders;  it  also  has  thcaddiliona!  capability 
of  radiating  its  own  sounding  signals  to  complement  the 
information  gathered  from  passive  monitoring.  The  active 
sounding  takes  the  form  of  a  segmented  swept  FM  (SSFM) 
system.  Thcprofile  of  the  sounding  signal  is  produced  digitally 
and  can  take  a  number  of  formats,  which  include  simple  linear 
FM  ('chirp')  as  well  as  other  profiles  that  are  inherently 
tolerant  to  other  specific  pjopagation  problems  that  exist  with 
the  ionosphere;  for  example,  the  effects  of  doppler-shift  can  be 
minimised  through  the  use  of  hyperbolic  FM.  The  sounding 
system  adaptively  uses  sequences  that  can  sound  the  channels 
allocated  to  the  communication  system  as  well  as  frequency 
rangesof  high  importance,  such  as  regions  near  to  the  maximum 
usable  frequency  (MUF)  and  lowest  usable  frequency  (LUF). 
The  intelligent  and  adaptive  use  of  such  scanning  techniques 
means  that  spectrum  pollution  is  minimised,  while  the 
information  gathered  is  maximised. 


1.  Introduction 

The  ionosphere  remains  one  of  the  most  important  and  flexible 
propagation  mediathatcanbe  used  economically  and  efficiently 
(in  terms  of  equipment  size,  cost  and  transmission  powers)  by 
the  long-range  radio  communicator;  therefore,  remote  sensing 
of  the  ionosphere  is  essential  for  both  the  assessment  of  its 
current  state  and  comparison  with  propagation  predictions. 
This  is  of  significant  importance  for  high  frequency  (HF) 
communication,  ionospheric  physics  and  updating  of 
propagation  analysis  programs.  Remote  sensing  of  the 


ionosphere  can  be  achieved  by  several  methods  of  which 
terrestrial  passive  monitoring  and  active  sounding  schemes  are 
amongst  the  most  important  [1,12,15). 

The  two  above  mentioned  methods  can  be  used  to  gather 
detailed  information  about  the  current  state  of  the  ionosphere. 
The  main  value  of  passive  monitoring  methods  is  in  reducing 
spectral  intrusion;  however,  if  active  probing  of  ionosphere 
must  be  used  then  the  sounding  schemes  should  be  "intelligent" 
to  minimise  their  spectral  intrusion.  This  is  of  particular 
importance  for  sounders  operating  in  the  HF  (2-30  MHz)  band, 
since  this  area  of  the  spectrum  has  to  support  a  large  number  of 
users ,  h  as  possible  world-wide  coverage  and,  hence,  is  extremely 
crowded;  any  further  unwarranted  transmissions  may  cause 
additional  problems  for  HF  communications.  Even  with  these 
limitations,  active  sounding  of  the  ionosphere  remains  one  of 
the  most  important  and  accurate  methods  of  measuring  the 
current  ionospheric  state  [12). 

Passive  monitoring  of  ‘transmissions  ofopportunity’  in  the  HF 
band,  such  as  broadcast  signals,  radio  beacons,  linear  frequency 
modulation  (LFM)  or  "chirp"  sounders,  time  signals  and  other 
utilities  (such  as  RTTY  FAX  and  weather  stations),  make  this 
method  much  more  spectrally  efficient  (i.e.  fess-intrusive)  than 
active  sounding  methods  and,  hence,  can  be  useful  in  reducing 
overall  spectral  intrusion  of  the  process  of  gathering  data  about 
the  ionosphere  [2).  This  paper  will  concentrate  on  the  value  of 
LFM  signals  in  the  adaptive  remote  sensing  of  the  ionosphere. 

Real-time  channel  evaluation  (RTCE)  can  be  viewed  as  remote 
sensing  of  selected  spectral  segments  of  the  band,  ranging  from 
single  channels  to  large  groups  of  channels  (i.e  several  MHz), 
and  has  traditionally  been  one  of  the  main  methods  used  by  HF 
communicators  to  assess  the  current  ionospheric  propagation 
conditions  both  in,  and  around,  their  allocated  frequencies 
[3,16,17).  However,  most  conventional  RTCE  philosophies 
rely  on  special-purpose  equipment  used  in  conjunction  with  the 
normal  iransmissionandreceplion  uni  ts.Thisstrongly  contrasts 
with  the  current  possibilities  where  the  same  equipment  can  be 
used  both  for  communication  and  RTCE  purposes,  with  the 
only  variation  being  in  software  reconfiguration.  The 
architecture  that  can  be  used  in  this  type  of  scheme  is  based  on 
the  integrationofdigitalsignal  processing  (DSP)  and  computer 
technology  into  a  single  multi-functional  terminal.  The  paper 
will  alsoconcenlrateonsuch  “embedded"  schemes,  rather  than 
those  based  on  special-purpose  equipment  [4). 

The  chitpsounder  network,  which  is  operated  by  a  range  of 
agencies  including  NATO  15) ,  can  provide  adetailed  description 
of  current  ionospheric  onditions.  This  information  has  great 
potential  value  in  the  channel  selection  procedure  for  any 
frequency  management  scheme  as  it  can  show  the  multi-path 
structure  across  the  wholeof  the  HF  band.  The  design  of  a  DSP- 
based  chirp  monitoring  system  that  could  form  an  integral  part 
of  an  adaptive  HF  system  terminal  was  oneof  the  primary  goals 
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of  the  HF  research  within  the  Hull-Warwick  Communications 
Research  Group  (HWCRG).  The  use  of  DSP  technology  in 
conjunction  with  standard  HF  equipment  in  an  integrated 
architecture  means  that  an  embedded  solution  to  many  HF 
problems  can  be  achieved.  This  type  of  architecture  is  intended 
to  exploit  the  best  characteristics  of  analogue  radio  systems; 
however,  the  full  application  of  digital  algorithms  means  that 
this  type  of  system  can  function  both  as  a  RTCE  device  and 
standard  communication  temtinal. 

This  paper  will  initially  discuss  the  parameters  and  use  of  the 
chitpsoundcr  network  before  briefly  detailing  the  design  of  the 
DSP-bascd  chirp  monitor.  Thedevelopmentoflhechirpmoni  tor 
into  a  complete  LFM  sounding  system  formed  an  important 
clement  in  the  project;  this  is  discussed  before  outlining  the 
proposed  ‘generic’  architecture  for  long-range  radio  systems 
and  the  implications  of  using  such  an  architecture.  Finally,  a  set 
of  conclusions  will  be  presented. 

2.  The  Chirpsounding  Network 

One  of  the  most  important  sources  of  transmissions  of 
opportunity  in  the  HF  Band  is  the  world-wide  network  of 
chirpsounding  transmitters.  These  sounders  are  operated  as 
support  for  both  strategic  and  tactical  HFcommunications,  and 
can  provide  substantial  detail  about  the  current  ionospheric 
propagation  conditions. 

The  linear  FM  or  ‘chirp’  is  a  spread-spectrum  signal  that 
complies  with  the  following  algorithm  [6] 

U(t)  =  a(t)eM'  0) 

where 

k  =|tb|  (2) 

T  =  time  duration  of  the  signal 

B  =  bandwidth  of  the  signal 

In  a  normalised  form  equation  (1)  becomes 

1  t  mill 

u(l)  =  -prect  -  e1^ 

V  T 

This  type  of  signal  can  be  generated  with  relatively  simple 
equipment  and  most  of  the  complexity  is  in  the  processing  of 
the  received  signal.  In  current  analogue  systems,  the  receiver 
is  based  upon  a  hetrodyne  spectrum  analyser  where  the  highly 
stable  swept  local  oscillator  is  matched  to  the  transmitted 
sweep  and  produces  a  set  of  base-band  (0-500  Hz)  frequencies 
(mixer  products)  as  it  traverses  tire  2-30  MHz  band.  These 
mixer  products  are  produced  as  a  consequence  of  propagation 
conditions  and  the  offset  frequencies  are  in  direct  proportion  to 
the  current  multi-path  delays  of  the  path.  As  the  receiver  scans 
across  the  band,  a  projection  of  the  multi-path  delay  versus 
frequency  can  be  constructed;  this  type  of  display  is  termed  an 
ionogram.  The  theoretical  multi-path  resolution  of  this  type  of 
equipmentisalsodirectlydepcndentuponthefilterbandwidths 


and  in  the  currently  deployed  networks  this  is  approximately 
0.1  ms  17). 

Thetypical  parameters  of  the  currently  deployed  chirpsounding 
network  arc: 

Sweep  rate :  100  kHz/sec  or  50  kHz/sec; 

Scan  time :  280  seconds; 

ERP:  5-100W; 

Antennas  :■  various  depending  on  operating 

agency; 

Scan  raster  :•  5/15  minutes; 

No.  of  sounders ;  c.  60  (although  mainly  in  US/ 
Western  Europe). 


In  addition,  the  AGC  (automatic  gain  control)  of  the  receiver 
is  logged  as  it  scans  across  the  band  and  this  information  is  used 
to  offer  a  graph  of  the  received  signal  strength  as  a  function  of 
frequency.  The  operational  principle  and  a  typical  ionogram 
from  one  of  these  chirp  receivers  is  shown  in  figure  1. 

Therefore  it  can  be  seen  that  the  chirp  sounder  network  offers 
a  dispersed  network  of  “transmissions  of  opportunity”  that  can 
be  used  to  assess  the  ionospheric  state  if  suitable  receiving 
equipment  is  available. 

It  was  against  this  background  that  a  project  to  design  a  simple 
‘chirp  monitor’  was  initiated.  This  monitor  would  have  a  lower 
resolution  than  the  proprietary  chirp  receiver,  but  it  could  be 
incorporated  into  an  embedded  frequency  management 
architecture  of  an  adaptive  HF  system  at  no  extra  complexity 
(except  in  the  DSP  software).  The  information  would  be  used 
to  direct  the  channel  selection  procedure  of  the  frequency 
management  scheme  by  initialising  and  updating  an  embedded 
off-line  propagation  prediction  model,  for  example  CC1R  894 
[8,13). 

3.  Design  and  Performance  of  Chirp  Monitor 

One  of  the  main  aims  of  the  project  in  the  design  of  a  chirp 
monitor  was  to  use  standard  commercial  HF  radio  equipment 
and  initially  the  project  was  limited  to  the  use  of  amateur  grade 
equipment  and  fixed-point  DSP  devices.  This  meant  a  reduced 
receiver  bandwidth  and  more  computation-induced  errors. 
With  standard  HF  receivers,  under  computcrremote  control,  it 
is  obvious  that  their  maximum  scanning  rate  is  directly 
proportional  to  their  settling  time  and  time  taken  to  change 
frequency.  Therefore,  a  scanning  operation  as  used  in  the 
standard  analogue  chirp  receiver  is  not  realistically  possible. 
Hence,  a  stepped  scanning  procedure,  as  illustrated  in  figure  2, 
has  been  adopted.  In  this  type  of  operation,  the  receiver  is 
synchronised  to  the  scan  rateof  thechirp  it  is  tracking,  but  steps 
ahead  of  the  transmission  and  waits  for  the  chirp  signal  to  pass 
through  adefinedsetofseparatednarrowband  (3  kHz)channe!s. 

This  type  of  operation  has  been  used  successfully  by  radio 
amateurs  in  identifying  an  approximate  MUF,  although  with 
human  operators  the  maximum  scanning  rate  is  reduced  due  to 
the  importance  of  synchronisation.  In  the  DSP-based  system, 
the  optimum  receiving  configuration  for  the  chirp  waveform  is 
used,  i.e.  amatched  filter  that  uses  the  in-phase  and  quadrature 
information  (I  and  Q)  contained  in  the  signal  to  maximise  the 
compression  gain  that  can  be  achieved.  This  type  of  operation 
is  well  documented  in  radar  applications  (6,9,10),  and  tire 
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matched  filter  schematic  is  outlined  in  figure  3.  The  matched 
filter  responds  to  a  2.7  kHz  bandwidth  segment  of  the  received 
chirp  signal  covering  base-band  frequencies  300-3000  Hz.  A 
simulatcdrcccivingsystcm  showingthe  in-phase  andquadrature 
matched  filter  outputs,  together  with  the  composite  output  in 
response  to  a  ‘perfect’  chirp  signal  (phase  error,  $  =  45  )  is 
shown  in  figure  4.  It  can  also  be  seen  from  figure  4  that  the 
matched  filter  output  can  be  shown  to  be  a  good  approximation 
to  the  impulse  response  on  the  channel. 


the  same  equipment  can  then  be  reconfigured  to  be  a  modem 
thatcanuscthelatestpropagation  information  or,  alternatively, 
it  can  reconfigure  as  a  sounder  that  will  probe  the  ionosphere 
to  obtain  an  accurate  MUF  figure  without  having  to  scan  the 
rest  of  the  HF  band  [10];  this  latter  capability  is  described  in 
the  following  sections. 

4.  Design  and  Performance  of  an  Embedded  Ionospheric 
Sounding  System 


One  of  the  main  disadvantages  of  the  passive  chirp  monitor  is 
thatitdepends  entirelyon  the  availability  ofehirp transmissions 
from  the  chirpsounder  network.  Therefore,  the  next  phase  of 
the  project  was  to  give  the  adaptive  HF  communication 
terminal  an  economic,  embedded  and  autonomous  sounding 
capaoility.  Thesounding  capability  means  that  cvenif  there  arc 
no  ‘transmissions  of  opportunity’  on  a  similar  path  to  that 
required  by  the  communication  system,  a  capability  to  probe 
the  ionosphere  actively  still  exists. 


()  =  received  phase  error 
r  =  time  offset 
p  =multipalh  time  offset 
T  =  time  duration  of  signal 
B  =  bandwidth  of  signal. 

Tins  type  of  matched  filter  detection  scheme  has  several 
limitations:  the  maximum  time  resolution  is  limited  by  the 
receiver  bandwidth  and  is  in  thcordcrof  0.3  ms  (for  the  receiver 
used  here);  the  matched  filter  is  sensitive  both  to  high  levels  of 
certain  types  interference  and  input  levels  which  can  lead  to 
■false'  triggering;  the  10  kHz  sampling  rate  produces  a  large 
amount  of  data,  so  thcsynchronisationprocedurcmustminimise 
the  amount  of  digital  data  to  be  interpreted/saved;  finally  the 
accuracy  of  the  ionograms  produced  depends  primarily  on  the 
peak  detection  algorithm  employed.  Although  the  time 
resolution  of  the  system  is  somewhat  coarser  than  that  produced 
by  the  proprietary  chirp  receiving  system  it  is  comparable  with 
the  time  resolution  for  RTCE  schemes  proposed  by  the  CCIR, 
i.c.  0.5  ms. 

The  processing  of  the  received  chirp  waveform  can  be  carried 
further  than  is  possible  in  analogue  systems;  since  all  of  the 
impulse  responses  on  the  scanned  channels  are  saved ,  a  runn  mg 
or  ‘past-history’  averaging  window  can  be  applied  to  the  data 
to  counter  the  effects  of  fades  and  to  show  long-term  trends.  In 
addition,  the  impulse  response  and  overall  trend  data  can  be 
used  to  monitor  the  global  ionospheric  state  for  the  purpose  of 
updating  the  prediction  models  and  to  control  and  adapt 
individual  communication  system  parameters  to  optimise  data 
throughput  inresponsc  to  multi-path  structure  and  propagation 
conditions. 

The  DSP-based  system's  output  is  compared  with  that  from  a 
standard  chirp  receiver  in  figure  5.  These  outputs  were  taken 
during  a  trial  where  both  systems  where  connected  to  the  same 
antenna  so  that  the  input  signal  would  be  the  identical  (with 
only  the  processing  of  the  signal  being  different).  In  addition, 
an  example  channel  impulse  responsefrom  the  DSP-based 
monitoring  system  is  given  in  figure  6.  As  can  be  seen  from 
both  these  sets  of  diagrams,  although  the  DSP-bascd  chirp 
monitor  has  a  resolution  limitation  of  1/3  ms;  overall,  in 
general,  the  same  frequency  management  decisions  would  be 
made  if  only  the  DSP-based  monitor  outputs  were  available. 
However,  the  DSP-based  monitor  has  theadded  advantage  that 


Initially  the  same  receiver  format,  i.e.  a  chirp  matched  filter, 
was  used;  in  addition,  it  was  required  to  design  of  a  chirp 
transmitter.  Thesamcprocessingstructurcwas  used  to  generate 
the  chirp  signal,  and  the  transmission  format  was  that  of  a 
segmented  sounding  scheme;  here  the  transceiver  tunes  to 
frequency,  settles,  then  a  chirp  segment  sounding  profile  is 
transmitted,  before  the  transceiver  is  re-tuned  and  the  process 
is  repeated.  This  mode  of  operation  is  termed  segmented  swept 
FM  (SSFM). 

Since  the  sounding  profile  is  generated  digitally  and  the 
transccivcrisunderremolccontrolandcantuneto  any  frequency 
in  its  synthesizer  range  without  any  time  penalty,  it  can  be  seen 
that  the  transmitter  is  not  limited  to  a  single  sounding  profile 
and  can  change  the  overall  sounding  rale  or  the  frequencies  that 
form  the  set  to  besounded.  Therefore,  special  sounding  profiles 
and  scan  rates  can  be  used  adaptively  and  in  response  to 
ionospheric  conditions;  for  example  a  hyperbolic  FM  (HFM) 
waveform  has  the  property  of  being,  relatively,  more  tolerant 
to  doppler  shifts  on  the  channel  than  LFM  (chirp)  [14].  This 
feature  enables  a  non-uniform  sounding  raster  to  be  adopted 
which  means  that  only  areas  of  the  spectrum  of  interest  to  the 
communicatornecd  beptobed;  so,  although  a  complete  picture 
of  the  ionospheric  conditions  is  not  obtained,  detailed  data  on 
the  frequency  bands  that  have  direct  relevance  to  the  HF 
communication  system  arc  gathered.  This  type  of  ‘intelligent’ 
active  probing  means  that  the  overall  spectral  intrusion  in  the 
HF  band  is  reduced  with  no  loss  in  the  quality  and  amount  of 
relevance  of  the  data  gathered.  A  typical  non-uniform  raster 
sounding  scheme  is  shown  schematically  in  figure  7. 

For  the  initial  trial  of  the  embedded  active  sounding  scheme  it 
was  decided  to  employ  a  simple  uniform  raster  to  allow  the  use 
of  thestandard  chirp  monitoring  software.  Due  to  RFequipment 
characteristics,  a  200  kHz  segmented  raster  was  used  and  the 
transmitted  LFM  signal  used  the  same  sweep  parameters  as  a 
proprietary  chirp  sounding  system.  The  path  to  be  monitored 
was  the  120km  path  fromHullUniversity  to  Warwick  University 
(in  the  UK).  This  short  path,  although  being  far  from  ideal  with 
probable  reception  being  in  the  range  2  to  9  MHz  with  near- 
vertical  incidence  sky-wave  (unless  apath  with  strong  sporadic 
E  existed),  was  suitable  for  the  first  trial  as  the  equipment  at 
bothendsofthelinkwasunderdirect  experimental  control.  For 
initial,  approximate  synchronisation  purposes  (the  transmitter 
and  receiver  only  need  to  be  aligned  to  within  0.5  seconds)  the 
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sounder  at  Oslo  was  monitored;  but  future  trials  will  use  a  time- 
standard  at  both  the  transmitter  and  receiver.  Figure  8  shows 
two  of  the  ionograms  and  impulse  responses  gathered  during 
the  trial.  Further  trials  are  scheduled  to  take  place  in  the  near 
future  in  order  to  refine  the  system  parameters  and  processing. 

5.  Overall  HF  System  Architecture 

The  adaptive  operation  of  the  tormina'  depends  entirely  on  the 
implementation  of  a  proposed  ‘genet..’  architecture  [18,19). 
This  type  of  architecture  consists  of  a  single,  or  a  number  of 
DSP  devices,  integrated  into  a  more  general  purpose  computer 
unit,  for  example  an  IBM  PC,  which  operates  with  a  standard 
radio  transceiver.  In  this  type  of  architecture  the  general 
purpose  computer  unit  performs  all  of  the  higher  level  control 
functions,  such  as  remote  control  of  the  transceiver,  scheduling 
of  programs  and  execution  of  the  off-line  prediction  models; 
the  DSP  devices  implement  all  the  dedicated  signal  processing 
operations  which  could  include  interference/propagation 
assessment,  multi-functional  adaptive  modems  orerror control 
codecs.  A  schematic  of  this  type  of  architecture  is  detailed  in 
figure  9. 

The  terminal  that  performed  all  of  the  operations  described  in 
this  paperwas  astandard  IBM  PC  AT clone(286  based  PC)  that 
had  a  AT&TDSP32C  floatingpoint  DSPdcvice  installed  on  an 
expansion  card.  This  terminal  has  the  advantage  that  rapid  data 
integration  between  the  host  computer  and  the  DSP  device  was 
possible;  however,  the  use  of  a  single  DSP  device  means  that 
scheduling  between  the  various  propagation  assessment  tools 
must  take  place,  and  for  efficient  operation  of  the  terminal,  a 
tradc-off  between  channel  assessment  and  data  transmission 
mustbcidcntified.Thcrcfore,  future  terminals  willuse  additional 
DSP  devices  as  a  way  to  run  concurrent  processes.  In  this  way 
the  chirp  monitor  could  be  executed  in  parallel  with  an 
interference  asscssmcntprogram;  alternatively,  amodem  could 
be  configured  and  tested  as  the  propagation  assessment  is 
taking  place.  In  this  type  of  architecture,  where  software 
reconfiguration  can  make  the  terminal  truly  multi-functional, 
the  only  limit  on  the  adaptivity  and  functionality  of  the  system 
is  the  ingenuity  of  the  software  designer  and  the  speed  of  the 
hardware. 

Another  advantage  of  using  this  type  of  architecture  is  that  as 
hardware  improvements  in  me  radio  transceiver  are  made  (for 
example,  an  all-digital  signal  path  from  the  IF  stage  will 
ultimately  exist)  then  this  type  of  ‘generic’  architecture  has  the 
potential  to  incorporate  and  take  advantage  of  the  new  types  of 
data  structures  that  will  be  present. 

The  value  of  this  type  of  ‘generic’  architecture  is  that  the 
terminal  has  the  potential  to  be  a  complete  embedded  system 
accomplishing  the  same  tasks  as  many  traditional  HF  system 
elements.  To-date  the  H  WCRG  has  developed  many  functional 
blocks  that  can  be  incorporated  into  this  type  of  architectme 
and  which  only  depend  on  software  reconfiguration  of  the  DSP 
device  and  implementing  the  correct  data  presentation  and 
collection  operations  on  the  host  PC.  These  operations  include 
an  adaptive  MFSK  modem  that  has  complete  in-band  spectral 
agility  and  a  tone  raster  ranging  from  a  fast-keying  FSK  to 
PICCOLO;  template  correlation;  digital  synchronisation  and 
speech  coding  (20,21,22,23,24). 

Furthermore,  many  other  embedded  RTCE  techniques  for 
extracting  additional  ionospheric  and  channel  data  become 


possible  with  this  typeof  architecture.  As  proposed  in  [4),  these 
are  classified  as  current  channel  (CC)  and  alternative  channel 
(AC)  RTCE  techniques. 

It  is  obvious  that  passive  or  active  monitoring  of  large  parts  of 
the  spectrum,  or  parts  of  the  spectrum  that  can  encompass 
several  channels,  form  part  of  an  AC  RTCE  system;  examples 
of  other  HF  systems  that  have  successfully  used  the  AC  RTCE 
techniques  include  the  CHEC  (channel  evaluation  and  calling) 
and  ALQA  (automatic  link  quality  analysis)  systems. 
Additionally,  the  use  of  propagation  models  can  be  viewed  as 
an  AC  RTCE  technique. 

However,  themajoradvantageof  this  typeof  digital  architecture 
is  that  it  has  enabled  a  significant  increase  in  the  number  of  CC 
RTCE  techniques.  These  current  channel  propagation  measures, 
although  only  producing  data  for  a  small  part  of  the  HF 
spectrum  can,  if  derived  correctly,  be  used  in  the  database  of 
overall  ionospheric  conditions.  These  CC  measures  can  be 
related  directly,  or  indirectly,  to  the  received  signal-to-noisc 
ratio  (SNR). 

Examples  of  such  CC  techniques,  mostly  passive  and  usually 
completely  embedded  within  the  system  architecture,  include 
soft-decision  data,  error  control  metrics,  synchroniser  outputs, 
data  statistics  (eg  error  counting)  and  zero-crossing  statistics 
[4,21], 

6.  Concluding  Remarks 

This  paper  has  presented  methods  for  remote  sensing  the 
ionosphere  in  an  adaptive  manner,  using  both  traditional  active 
sounding  techniques  and  the  spectrally  less-intrusive  passive 
assessmentmcthods. ‘Intelligent’ RTCE  inoverall  HF  terminal 
operations  have  been  shown  to  be  a  successful  way  for  an  HF 
communicator  to  gatherrclcvant  ionospheric  information  and, 
hence,  forms  an  effective  method  for  sensing  ionospheric  state. 
The  passive  monitoring  of  the  extensive  chirpsoundcr  network 
is  an  economic  method  of  generating  detailed  ionospheric 
information  or,  in  the  case  of  the  DSP-based  chirp  monitor, 
precise  frequency  management  information;  however,  this 
depends  on  the  availably  of  suitable  equipment. 

For  situations,  where  the  chirpsoundcr  network  is  inappropriate, 
or  other  'transmissions  of  opportunity’  are  not  available,  then 
active  sounding  can  be  considered.  The  main  aim  of  any  active 
sounder  must  be  the  generation  of  ionospheric  information 
with  the  minimum  of  spectral  intrusion.  One  such  sounding 
scheme  based  upon  segmented  swept  FM  (SSFM)  has  been 
presented  with  the  capabilty  of  adapting  both  the  scan-rate  and 
sounding  profiles  in  response  to  the  amount  of  data  that  is 
required  and  to  counter  normal  ionospheric  effects. 

The  use  of  the  ‘generic’  architecture  means  that  sounding  the 
ionosphere  is  no  longer  outside  the  range  of  functions  that  an 
ordinary  HF  user  using  a  generic  communication  system 
terminal  can  achieve.  This  type  of  architecture  also  offers  the 
prospcctof  an  extremely  cost-effective,  automatic  and  adaptive 
HF  system.  One  use  of  such  asystem  terminal,  when  employed 
in  conjunction  with  a  suitable  receiver,  is  as  an  economic 
ionospheric  remote  sensing  tool  which  would  be  in  the  cost 
range  of  non-specialist  users.  In  addition,  since  all  the  useful 
data  can  be  saved  and  the  terminal  can  be  designed  to  be 
economic,  compact  and  operate  with  many  other  standard  HF 
elements,  monitoring  of  the  ionospheie  over  large  ocean  areas 
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or  in  third-world  countries  becomes  a  reasonable  proposal, 
which  would  be  useful  in  increasing  the  flexibility  of  the 
current  CCIR  propagation  maps. 

The  research  into  the  use  of  the  monitoring  terminals  and  the 
active  sounder  is  continuing  and  future  developments  will 


include: 

(<) 

multiple  simulantcous  ionograms; 

(ii) 

message  transmssion  capability  via  orthogonal 
chirp  waveforms; 

(iii) 

alternative  complentary  sequence  (CS)  pulse 
modulated  sounding  mode  [25]; 

(iv) 

jam-resistant  non-uniform  sounding  raster; 

M 

identification  of  channels  subject  to  frequency 
selective  fading. 

Furthermore,  it  is  hoped  that  the  use  of  the  proposed  'generic' 
digital/DSP  architecture  offers  a  suitable  alternative  to  the 
traditional  architecture  long-range  radio  systems. 
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Figure  1b:  Example  of  an  lonogram  from  Proprietary  LFM  Receiving  System 
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:igure  2:  Synchronisation  procedure  used  to  track  the  LFM  sweep 
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3a:  Schematic  of  Matched  Filter  used  to  detect  the  LFM  signals 


Figure  3b:  Un-weighted  LFM  Signal  Profile 


Figure  3c:  Hamming  Weighted  LFM  Signal  Profile 


Figure  4:  Simulated  Matched  Filter  responses  to  a  Hamming  weighted  'chirp'  signai 
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Figure  9:  A  Schematic  of  the  Proposed  ‘Generic’  Architecture 


DISCUSSION 


P.  CANNON 

1.  Does  your  system  have  enough  processing  gain  to  deal  with  long  distance  paths? 

2.  Your  ionograms  are  very  clean.  Did  you  employ  a  noise  'cleaning '  algorithm? 

AUTHOR’S  REPLY 

1.  Since  a  matched  filter  is  the  optimum  receiver  it  can  approach  the  theoretical  maximum  processing  gain  of  '90'  (available 
from  using  the  3  kHz  channel).  This  is  more  than  adequate  to  display  ionograms  on  very  long  distance  paths  aiul  we  have 
examples  of  ionograms  from  the  path  Cobbelt  Hill  -  Hong  Kong  (>  >1000  km). 

2.  The  real-time  display  algorithm  is  quite  sophisticated  and  can  take  account  of  the  average  matched-filter  ' noise ".  By  using 
this  information  and  the  stability  of  the  'chirp  ’  signal,  hence,  knowing  where  the  chirp  matched-filter  return  will  be  placed  in 
the  capture  frame,  a  very  clean  display  is  possible.  All  the  ionograms  displayed  are  direct  'screen  snapshots  'from  the  '286 
based  PC  monitoring  system. 

In  addition,  as  1  mentioned  in  the  test,  all  the  information  can  be  saved  in  digital  form  so  further  "filtering "  algorithms  can 
be  applied  to  further  reduce  'noise'  on  the  display.  This  can  be  done  in  real-time. 


C.  GOUTELARD 

Have  you  studied  the  minimum  number  of points  needed  to  conserve  the  pertinent  information  of  the  oblique  ionogram  ?  1  think 
it’s  one  important  point  to  minimize  spectral  intrusion. 

AUTHOR’S  REPLY 

We  have  not  made  a  study  to  fuul  the  optimum  number  of  points  that  can  be  used  to  adequately  describe  an  oblique  ionogram, 
but  we  feel  that  areas  of  the  ionosphere  that  are  of  little  interest  to  the  user  should  be  scanned  coarsely,  hence  minimizing 
unnecessary  spectral  intrusion  but  still  giving  some  ionospheric  information;  whereas,  for  areas  that  have  real  importance  these 
should  be  scanned  much  more  finely.  Ar  seen  from  figures  8a  and  8b,  a  200  kHz  raster  gives  an  adequate  resolution,  so 
perhaps  this  should  be  used  as  a  baseline,  with  <  200  kHz  raster  for  areas  of  interest,  >  200  kHz  for  areas  of  little  interest. 
However,  these  empirical  values  obviously  need  further  investigation,  and  using  the  work  done  in  backscatter  radar  (as 
suggested  by  you)  would  be  a  useful  starting  point. 

In  terms  of  spectral  intrusion,  the  200  kHz  SSFM  raster  is  much  more  spectrally  efficient  than  continuous  LFM  systems  as  if 
the  sounding  channels  allocated  to  each  system  were  spaced  by  5  kHz,  then  40  sounding  systems,  using  SSFM,  would  only 
produce  die  same  spectral  intrusion  as  1  continuous  LFM  system. 
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SUMMARY 

Recently,  several  tomographic  techniques  for  ionospheric 
electron  density  imaging  have  been  proposed.  Most  of 
these  techniques  reconstruct  a  vertical  slice  image  of  elec¬ 
tron  density  using  total  electron  content  data.  The  data 
are  measured  between  a  low  orbit  beacon  satellite  and 
fixed  receivers  located  along  the  projected  orbital  path 
of  the  satellite  By  using  such  techniques  it  may  be 
possible  to  inexpensively  (relative  to  incoherent  scatter 
techniques)  image  ionospheric  electron  density  in  a  ver¬ 
tical  plane  several  times  per  day.  Ill  this  paper,  the  basic 
geometry  of  the  problem  is  reviewed  and  the  various  tech¬ 
niques  discussed.  The  satcllitc/rcceiver  geometry  used  to 
measure  the  total  electron  content  data  causes  the  data 
to  be  incomplete;  that  is,  the  measured  data  do  not  con¬ 
tain  enough  information  to  completely  specify  the  iono¬ 
spheric  clcotton  density  distribution  in  the  plane  between 
the  satellite  and  the  receivers.  Most  of  the  proposed  tech¬ 
niques  include  some  method  designed  to  overcome  this 
problem.  Applications  of  these  techniques  made  to  sim¬ 
ulated  and  real  data  and  the  results  are  compared  and 
discussed. 


1.  INTRODUCTION 

The  ionospheric  electron  density  distribution  can  be  de¬ 
scribed  approximately  by  a  smooth  profile  vertically  and 
is  locally  horizontally  homogeneous.  A  normal  iono¬ 
sphere  can  contain  many  deviations  from  a  smooth  pro¬ 
file,  and  these  features  arc  of  interest.  Tim  features  can 
impact  many  types  of  HF  communication  and  remote 
sensing,  and  can  also  serve  as  tracers  to  other  activity  in 
the  ionosphere. 

Investigations  into  ionospheric  electron  density  distribu¬ 
tions  and  related  ionospheric  features  use  many  differ¬ 
ent  techniques;  for  example,  beacon  satellites,  ionoson- 
des,  and  incoherent  scatter  radar  have  been  used  [1],  (2), 
[3].  Recently,  work  on  using  computerized  tomography  to 
image  the  ionospheric  electron  density  has  been  done  (4), 
(5),  (6),  (7],  (8j  Ionospheric  tomography  uses  total  elec¬ 
tron  content  (TEC)  measurements  to  image  the  electron 
density  distribution 

This  paper  reviews  the  progress  of  ionospheric  tomog¬ 
raphy  First,  Sections  1  through  3  introduce  the  prob¬ 
lem  and  review  earlier  series  expansion  techniques.  Next, 
Section  1  discusses  some  alternate  techniques  which  have 
been  recently  proposed.  Section  5  reviews  some  recent 
investigations  into  the  limitations  of  ionospheric  tomog¬ 
raphy  Section  6  reviews  recent  experimental  results, 
and  then  Section  7.  discusses  investigations  into  three  di- 


2.  THE  PROBLEM 

The  goal  of  ionospheric  tomography  is  to  image  the  elec¬ 
tron  density  in  the  Earth’s  ionosphere  To  do  so,  iono¬ 
spheric  tomography  uses  total  electron  content  measure¬ 
ments  as  data.  Total  electron  content  (TEC)  is  the  line 
integral  between  source  and  receiver  of  the  electron  den¬ 
sity  contained  in  a  column  along  the  integration  path. 
Total  electron  content  measurements  can  be  made  by  us¬ 
ing  a  radio  beacon  mounted  on  a  satellite  in  conjunction 
with  a  ground  based  receiver. 

The  term  geometry  refers  to  the  satellite  positions, 
ground  station  locations  and  the  ionospheric  image 
boundary.  Tomography  requires  that  the  geometry  be 
well  known. 

The  first  ionospheric  tomographic  geometries  were  two 
dimensional  yielding  the  electron  density  distribution  in 
a  vertical  plane.  Figure  1  shows  a  typical  two  dimen¬ 
sional  ionospheric  tomographic  geometry  after  Austen  ct 
al.  [4].  The  satellite  orbit  is  along  the  arc  at  the  lop  of 
the  figure.  The  orbit  has  an  altitude  of  roughly  1090  km. 
The  receivers  are  spaced  along  the  ground  at  the  points 
where  the  fan  beam  lines  converge.  The  receivers  cover  a 
latitude  range  of  about  20°  latitude.  The  fan  beam  lines 
themselves  show  a  representative  sampling  of  the  integra¬ 
tion  paths.  In  reality,  far  more  TEC  measurements  can 
be  obtained,  but  it  is  not  helpful  to  show  all  of  the  inte¬ 
gration  paths.  The  grid  shows  division  of  the  ionosphere 
into  pixels  for  a  finite  series  expansion  reconstruction  al¬ 
gorithm. 

Recently,  some  have  investigated  extending  this  geometry 
to  three  dimensions  to  image  electron  density  globally. 
This  will  be  discussed  in  Section  7..  For  the  most  part,  it 
seems  that  the  two  dimensional  problem  and  techniques 
extend  to  three  dimensions. 

3.  SERIFS  EXPANSION  TECHNIQUES 

As  mentioned  above,  TEC  is  the  integral  of  the  electron 
density  in  a  column  of  unit  cross-sectional  area  along 
some  path. 

y  =  J  0) 

Nt(r, 0, 6)  is  the  electron  density  along  the  propagation 
path  P  between  source  and  detector  and  y  is  the  TEC. 
The  arguments  r,  $,  and  <t>  are  the  altitude,  longitude, 
and  latitude  respectively.  We  will  assume  that  geometric 
optics  holds  and  that  the  carrier  frequencies  used  to  make 
the  TEC  measurements  are  high  enough  that  the  path  P 
is  a  straight  line  between  source  and  receiver  (4).  We 
will  not  assume  a  specific  TEC  measurement  technique, 
except  that  the  measurements  be  absolute  TEC  (with  no 
unknown  phase  offsets)  For  two  dimensional  ionospheric 
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Figure  1.  Two  ionospheric  tomographic  geometries.  The  satellite  orbit  is  along  the  arc  at  the  top.  In  the  top  sketch  five 
receivers  are  spread  along  the  ground  at  the  points  where  the  fans  converge.  In  the  bottom,  three  receivers  are  used.  The 
fan  beam  lines  represent  integration  paths,  and  the  small  square  boxes  represent  the  pixel  grid.  After  Figure  1  in  Austen  et 
al  [4] 


are  aligned  along  a  line  of  longitude;  that  is,  8  is  fixed  at 
do. 

Total  electron  content  (TEC)  along  some  path  (say  the 
ith  path  or  ray,  P,)  can  be  approximated  as  a  finite  sum 
of  shorter  integrals  along  segments  of  P„  Assume  the 
electron  density  distribution  to  he  uniform  over  discrete 
regions;  that  is,  divide  the  election  density  distribution 
N,  into  a  set  of  N  pixels,  x  where  z ,  equals  the  electron 
density  within  the  jth  pixel.  The  reconstruction  problem 
then  centers  around  solving  the  system 

N 

!/.  =  '}Ta,1x,  +e,  i  =  !,•••  A/  (2) 

or  (in  matrix  notation) 

yarn  =  AaiiNXjvn  +  (3) 

where  for  this  problem  N  is  the  number  of  pixels  in  the 
image,  At  is  the  number  of  TEC  values  or  equivalently, 
the  number  of  rays  or  paths,  y  is  the  vector  of  known 
TEC  data,  A  is  an  array  containing  the  length  of  the  path 
pixel  intersection  for  each  pixel  and  path,  x  is  a  vector  of 
the  electron  density  in  each  pixel,  and  e  is  the  error  vector 
associated  with  the  series  expansion  and  measurement 
error.  Note  that  y  and  x  arc  column  vectors  of  TEC  anil 
electron  density  in  each  pixel  respectively. 

The  solutions  based  on  series  expansion  techniques  cate¬ 
gorized  into  two  types:  iterative  and  non-iterative  (9)  As 
discussed  by  Austen  et  al.  [4],  iterative  solutions  solve  (3) 
by  first  making  an  initial  guess,  x°,  then  calculating  the 
resulting  y°,  and  then  using  the  difference  between  y  and 
y°  to  modify  x°,  creating  x1.  This  cycle  is  repeated  until 
a  satisfactory  solution  is  obtained.  Non-iterative  tech¬ 
niques  compute  x  directly  from  A  and  y.  Since  the  sys¬ 
tem  is  usually  over  determined  and  inconsistent,  the  best 
non-iterative  approach  seems  to  be  singular  value  dccom- 


order  of  several  hundred  by  several  thousand  (typically 
several  million  entries),  an  iterative  approach  requiring 
less  computer  memory  is  usually  necessary. 

The  reconstruction  algorithm  used  by  Austen  ct  al.  (4) 
is  the  algebraic  reconstruction  technique  (ART).  This 
uses  an  iterative  scries  expansion  method  for  solving  (3). 
Raymond  et  al.  (6)  use  the  multiplicative  algebraic  re¬ 
construction  technique  (MART),  an  iterative  approach 
similar  to  ART,  as  the  reconstruction  algorithm.  The 
multiplicative  technique,  from  the  family  of  entropy  op¬ 
timization  algorithms,  is  similar  to  ART  in  constraints 
and  form,  but  rather  than  making  a  correction  to  xl  of 
the  form  x  +  /(y-y‘),  MART  uses  (x)/(y/y‘),  making 
a  multiplicative  modification  to  x*.  This  algorithm  was 
first  proposed  by  Gordon  et  al.  [10],  more  thoroughly 
discussed  by  Lent  [11],  and  included  in  a  review  of  finite 
series  expansion  reconstruction  algorithms  by  Censor  [9] 

Any  iterative  algorithm  requires  some  initial  values,  x°, 
before  iteration  begins.  In  the  ionospheric  case,  the  ge¬ 
ometry  makes  the  initial  guess  very  important.  This  ini¬ 
tialization  can  represent  a  gross  estimate  or  guess  of  what 
the  reconstruction  might  look  like;  the  first  iteration  of  a 
reconstruction  algorithm  will  begin  to  correct  this  guess 
towards  some  satisfactory  solution.  In  general,  the  initial 
guess  should  incorporate  any  a  prion  information  about 
the  image;  in  fact,  in  the  ionospheric  case  the  closer  the 
initial  guess  is  to  the  correct  image,  the  sooner  and  more 
accurately  the  reconstruction  algorithm  will  converge. 

Several  of  the  algorithms  mentioned  by  Censor  [9]  suggest 
using  an  initial  guess  where  a  constant  value  is  assigned 
to  every  pixel  in  the  image.  For  ionospheric  tomogra¬ 
phy  it  has  been  generally  found  that  some  initial  guess 
based  on  an  estimate  of  the  background  ionospheric  den¬ 
sity  profile  and  the  measured  TEC  data  yields  much  bet¬ 
ter  reconstructions. 


4.  NEWER  ALGORITHMS 


Recently,  several  new  reconstruction  algorithms  have 
been  introduced  that  promise  better  reconstructions  than 
the  series  expansion  methods.  Two  are  modified  series 
expansion  approaches,  one  uses  expansion  into  empiri¬ 
cal  orthonormal  functions  and  three  others  are  transform 
based  methods  using  various  convolution  back  projection 
algorithms.  One  other  uses  diffraction  tomography. 

4.1  Modified  Series  Expansion  Methods 

The  Ionospheric  Physics  Division  at  the  Air  Force  Phillips 
Lab  has  a  small  in-house  effort  underway  to  develop 
an  ionospheric  electron  density  reconstruction  algorithm. 
The  algorithm  treats  the  problem  as  a  linear  inverse  prob¬ 
lem,  using  the  same  equations  as  those  presented  in  Sec¬ 
tion  3..  The  maximum  entropy  method  has  been  shown 
to  produce  a  unique  solution  which  makes  optimal  use 
of  all  available  data  and  makes  no  assumptions  about 
unmeasured  data.  The  maximum  entropy  principle  is 
applicable  because  the  set  of  unknown  densities  is  iso¬ 
morphic  to  a  set  of  probabilities,  and  each  observed  TEC 
measurement  is  a  linear  combination  of  these  unknown 
densities  [12], 

Another  series  expansion  method  using  simulated  anneal¬ 
ing  was  recently  applied  by  Xie  [13],  Though  there  are 
many  images  that  yield  similar  TEC  values,  there  are 
hopefully  only  a  few  that  yield  the  exact  TEC  values  mea¬ 
sured.  Thus  the  cost  surface  y  -  y*  can  be  imagined  as 
having  many  local  minima  and  maybe  a  few  global  min¬ 
ima  that  are  deeper  than  the  others.  If  the  initial  guess 
is  not  good,  the  scries  expansion  method  may  converge 
into  one  of  the  local  minima,  but  be  far  from  a  global 
minimum  representing  a  more  correct  image.  Simulated 
annealing  changes  the  modifications  to  x  by  using  “an 
appropriate  cooling  schedule".  Thus  the  name.  Instead 
of  constantly  trying  to  reduce  the  error  in  TEC,  the  er¬ 
ror  is  sometimes  allowed  to  increase,  and  is  controlled  by 
some  random  distribution.  This  way,  the  algorithm  may 
fall  into  a  local  image  minimum  but  if  the  minimum  is 
not  deep  enough,  it  may  climb  out  again  and  hopefully 
fall  into  deeper,  more  global  minimum. 

4.2  Empirical  Orthonormal  Functions 

Another  reconstruction  method,  presented  by  Fremouw 
and  Secan  (14)  uses  empirical  orthonormal  functions 
(EOF’s).  Consider  the  scries  expansion  method  as  a  sum 
of  ortlionormal  functions  multiplied  by  coefficients.  Each 
orthonormal  function  is  equal  to  1  within  a  single  unique 
pixel  and  0  everywhere  else.  The  coefficient  for  any  par¬ 
ticular  function  is  the  electron  density  within  the  pixel 
for  which  the  function  equals  1.  Now  suppose  a  different 
set  of  orthonormal  functions  is  used,  perhaps  one  which 
has  more  “realistic”  properties.  Such  a  set  has  been  sug¬ 
gested  and  used  for  a  global  ionospheric  conductivity  and 
electron  density  (ICED)  model  (15).  The  functions  are 
derived  as  follows.  First  a  set  of  example  electron  den¬ 
sity  images  is  obtained.  Then,  a  correlation  matrix  is 
formed  by  correlating  the  images  with  each  other  The 
eigen  vectors  of  the  correlation  matrix  form  a  basis,  span¬ 
ning  the  set  of  examples.  The  basis  can  be  reduced  by 
truncating  the  number  of  eigen  vectors  used  based  on  the 
magnitude  of  the  corresponding  eigen  values. 

Using  the  truncated  set  of  basis  functions,  a  system  like 


lion  must  be  a  member  of  the  space  of  electron  density 
distributions  defined  by  the  original  example  set.  While 
this  potentially  reduces  the  reconstruction  of  unusual  fea¬ 
tures,  it  does  restrict  the  reconstruction  to  a  “reasonable” 
solution.  That  is,  the  result  must  be  like  the  original  ex¬ 
ample  set. 

This  methc  ",  has  been  used  successfully  by  Fremouw  and 
Secan  (14).  Using  the  same  TEC  data  as  that  used  by 
Raymund  et  al.  [6],  results  have  been  obtained  that  in¬ 
clude  a  the  slant  in  the  ionosphere  not  detected  by  the 
MART  algorithm  used  in  the  earlier  work.  The  method 
of  reconstruction  uses  a  series  of  vertical  orthogonal  func¬ 
tions  combined  with  Fourier  reconstruction  discussed  in 
the  next  Section. 

A  different  orthogonal  basis  function  reconstruction  algo¬ 
rithm  has  been  proposed  by  Na  (16).  The  basic  formula¬ 
tion  of  the  problem  is  still  like  (3),  but  the  basis  functions 
are  proposed  to  be  whole  domain  functions  where  each 
basis  function  fills  the  entire  image  region  and  may  have 
both  horizontal  and  vertical  structure. 

4.3  Transform  Methods 

Recently,  several  efforts  have  been  made  to  apply  trans¬ 
form  techniques.  The  reconstruction  algorithm  derived 
by  Yeh  and  Raymund  [17]  is  a  form  of  convolution  back 
projection.  Na  and  Lee  [16]  also  use  this  type  of  tech¬ 
nique  among  others,  as  have  Fremouw  and  Secan  [14]. 

In  general  tomographic  geometries  the  region  to  be  im¬ 
aged  is  sampled  by  integration  paths  passing  at  all  angles 
through  the  region  That  is,  the  integral 

MO -//(«.»)*  M 

is  measured  for  some  range  of  I  and  for  a  g  [0,  x].  This 
is  sketched  in  Figure  2  where  a  line  P  at  f  =  fo  for  the 
projection  at  angle  a  is  shown.  The  sketch  of  the  function 
p<,(f)  for  that  a  is  also  shown.  The  function  p„(f)  is 
termed  the  projection  of  f(x,y)  at  the  angle  a.  For  all  a 
and  f,  pa(t)  is  called  the  Radon  transform  of  f(x,y) 

The  Projection  Slice  theorem  or  Central  Slice  theorem 
relates  the  Fourier  transform  of  the  projection  to  the  two 
dimensional  Fourier  transform  of  f(z,y).  If  we  define  the 
respective  transforms  as 

S„(W)=  f  ra(t)c~j2"u'  dt  (5) 

J  —  oo 
and 

/■f  oo  /■  + oo 

/  f(x  ,y)e~'J‘(ul+v‘'>dzdy  (6) 

■OO  j  —  OO 

where  f(z,y)  is  the  image  function,  then  the  projection 
slice  theorem  says  (see  Kak  and  Sianey  [18]  for  a  proof) 
that 

SQ(u>)  =  F(wcoso,u>sina)  (7) 

The  projection  slice  theorem  was  first  derived  by 
Bracewell  [19], 

In  other  words,  the  one  dimensional  Fourier  transform  of 
pa  (i)  with  respect  to  I  is  the  same  as  that  along  the  line 


<■ 
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Figure  3:  Sketch  of  the  relation  between  5<,{a>)  and  F(u,  v).  After  Kack  and  Slancy.  [18] 


Figure  2  A  two  dimensional  image  region  and  a  projection 
at  an  angle  tr  The  integration  path  for  t  =  to  is  shown 

spatial  frequency  domain  showing  the  relation  between 
F(u,  v)  and  S«(w)  appears  in  Figure  3. 

A  good  review  of  transform  methods  can  be  found  in 
I.cwitt  [20].  Kak  and  Slancy  [18]  also  give  a  very  good 
introduction  to  transform  techniques 

To  apply  this  to  the  ionospheric  tomographic  problem 
is  fairly  straight  forward.  Each  TEC  measurement  can 
be  considc'cd  a  discrete  element  of  p„(l)  After  indexing 
TEC  data  by  projection  angle  and  t.  any  of  the  transform 
techniques  can  be  applied  For  examples,  sec  the  refer- 


function  f(x,y)  reconstructed  wit!  really  be  A'-(r.fi0,d). 
The  change  in  coordinate  systems  can  be  djnc  after  the 
fact  or  as  the  last  step  of  the  rc'onstruc'ion. 

4.4  Diffraction  Tomography 

Recently,  Kunytsyn  and  Tereshchenko  [21]  investigated 
using  diffraction  tomography  to  image  ionospheric  fea¬ 
tures.  Diffraction  tomography  includes  the  effects  of  scat¬ 
tering  and  does  not  assume  ray  optics.  As  an  inverse  scat¬ 
tering  problem,  the  mathematics  arc  not  trivial  though 
conceptually  the  problem  is  very  similar.  A  good  intro¬ 
duction  to  this  type  of  tomography  is  given  by  Kak  and 
Slancy  [18]  and  includes  many  other  references. 

5.  LIMITATIONS 

The  ionospheric  tomography  geometry  docs  not  typically 
include  integration  paths  that  traverse  the  ionosphere 
horizontally  (sec  Figure  1)  In  fact,  most  of  the  inte¬ 
gration  paths  tend  to  be  vertical  or  nearly  vertical.  If 
there  exists  an  electron  density  distribution  in  the  imag¬ 
ing  region  whose  path  integral  is  zero  in  the  vertical 
(or  near  vertical)  direction,  it  will  be  undetected,  even 
though  it  may  have  a  nonzero  horizontal  path  integral. 
Thus  several  different  ionospheric  electron  density  dis¬ 
tributions  might  produce  identical  TEC  measurements. 
Clearly  with  non-unique  data,  the  reconstructions  can 
not  be  unique  cither. 

An  analytic  review  of  .he  limits  of  ionospheric  tomogra¬ 
phy  has  been  done  by  Ych  and  Raymond  [17]  The  ideal 
geometry  is  proposed  to  be  a  flat  earth  with  a  continu¬ 
ous  line  of  receivers  extending  to  icc  and  the  satellite 
orbit  extending  to  ieo  at  a  constant  altitude  From  the 
geometry,  two  comments  about  the  limits  of  tomography 
immediately  follow.  1)  the  TEC  data  arc  independent  of 
electron  density  distributions  with  line  integrals  equal  to 
zero  in  the  vvlical  or  the  horizontal,  and  2)  only  local 
election  density  distributions  can  be  imaged  The  sec- 
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conditions  for  the  existence  of  the  Fourier  transform. 

With  the  above  two  limits  defined,  a  reconstruction  al¬ 
gorithm  is  derived  for  the  ideal  case.  The  algorithm  catt 
reconstruct  exactly  local  distribations  without  zero  line 
integrals.  In  reality,  it  is  not  possible  to  configure  a  con¬ 
tinuous  line  of  receivers  extending  to  ±oo;  instead,  the 
number  of  receivers  is  discrete  and  they  have  some  non 
zero  spacing  between  them.  Also,  the  receivers  have  some 
limit  on  the  range  of  elevation  angles  at  which  data  can  be 
taken.  Usually,  the  minimum  elevation  angle  is  roughly 
15°.  These  two  realistic  limitations  are  introduced  into 
the  geometry  and  the  resulting  degradation  from  an  ideal 
impulse  examined.  Figure  4  shows  the  reconstruction  of 
an  Dirac  impulse  centered  in  the  middle  of  the  image  re¬ 
gion.  The  region  covers  1000  km  of  ground  distance  and 
1000  km  of  al'itude  and  has  10  receivers  evenly  spaced 
along  the  ground.  The  wings  extending  from  the  central 
peak  in  the  image  result  from  the  limit  on  the  minimum 
elevation  angle  of  the  receiver.  The  wave-like  ripples  ex¬ 
tending  horizontally  from  the  peak  are  due  to  the  finite 
number  of  discrete  receivers.  There  are  ripples  extending 
vertically  from  the  peak  as  well,  but  they  die  away  so 
quickly  that  it  is  hard  to  see  them  in  the  Figure. 

The  wings  are  a  particularly  important  effect  and  have 
appeared  in  images  obtained  using  scries  expansion  tech¬ 
niques.  Because  ionospheric  features  occur  near  the  peak 
of  the  electron  density  distribution,  strong  wings  can  ex¬ 
tend  from  features  near  the  peak  into  regions  where  the 
electron  density  distribution  is  low.  These  wings  could 
be  misinterpreted  as  features. 

Another  analysis  of  the  limits  of  ionospheric  tomography 
has  been  done  by  Na  and  Lee  [8]  and  Na  [16].  This  work 
is  based  on  a  specific  reconstruction  algorithm,  detailed 
in  Na  [16].  To  analyze  the  limitations  of  the  algorithm, 
several  problems  arc  identified  and  their  individual  con¬ 
tribution  to  image  error  analyzed.  The  finite  number  of 
discrete  receivers  is  found  to  contribute  to  limitations  in 
the  spatial  bandwidth.  That  is,  the  more  closely  spaced 
the  receivers  arc,  the  less  aliasing  present  in  the  recon¬ 
struction.  Through  the  Central  Slice  theorem,  the  effect 
of  limited  elevation  angles  is  also  qualitatively  assessed 
and  the  ionospheric  tomography  problem  is  identified  as 
a  missing  cone  problem.  Figure  5  shows  qualitatively  the 
problem,  because  horizontal  line  integrals  are  missing,  in¬ 
formation  is  missing  in  triangular  regions  of  the  spectral 
domain. 

The  Na  algorithm  also  requires  regularly  spaced  data 
along  each  projection  and  also  requires  a  uniform  dis¬ 
tribution  of  projections  in  angle.  The  interpolation  and 
binning  schemes  used  to  meet  this  requirement  introduce 
significant  amounts  of  error  into  the  rcconstruoion.  Also, 
as  pointed  out  by  Na  [16],  some  small  features  may  be 
degraded  nearly  completely  bemuse  of  the  way  integra¬ 
tion  paths  sample  the  image  Figure  6  shows  a  sketch  of 
several  integration  paths  missing  a  point  feature 

G.  REVIEW  OF  RECONSTRUCTION  RE¬ 
SULTS 

Most  work  to  date  has  dealt  only  with  simulated  TEC 
data  One  simulated  data  set  of  some  interest  is  that 
used  by  Rayinund  et  al  (6)  and  Frcmouw  and  Secan 
[i  t]  Using  a  model  based  on  an  incoherent  scalier  radar 


Figure  6:  Several  integration  paths  missing  a  point  feature 
After  Na  [16], 


crated  and  used  for  reconstructions.  Figure  7  shows  a 
reconstruction  of  the  trough  after  Raymund  ct  a!.  [6], 
This  reconstruction  was  made  using  MART,  a  series  ex¬ 
pansion  based  method.  Figure  8  shows  a  reconstruction 
after  F'er.,omv  and  Secan  [14]  The  reconstruction  algo¬ 
rithm  is  based  on  both  orthogonal  basis  functions  and  a 
transform  technique.  Figure  9  shows  the  original  model. 
By  inspection,  it  is  easy  to  see  that  the  more  rcccni  tech¬ 
nique  improves  on  the  earlier  work  by  reconstructing  the 
slant  in  the  background 

In  December  of  1990,  a  set  of  stations  in  the  United  King¬ 
dom  was  used  to  collect  TEC  data  and  form  a  reconstruc¬ 
tion  of  the  ionosphere  [22].  The  reconstruction  was  made 
using  SIRT,  a  scries  expansion  technique  very  similar  to 
ART.  The  initial  guess  consists  of  a  Chapman  layer  with 
an  estimated  peak  height  (325  km)  and  a  scale  height 
based  on  monthly  mean  slab  thickness  data  from  the 
1968-1970  solar  maximum.  A  contour  of  the  reconstruc¬ 
tion  appears  in  Figure  10.  The  reconsl  ruction  appears 
to  be  a  very  reasonable  one.  It  is  possible  the  slight  de¬ 
pression  at  300  km  altitude  and  roughly  61°  North  is  the 
polar  trough.  More  information  about  this  experiment  is 
to  be  presented  by  Walker  ct  al.  [23]. 

7.  GLODAL  TOMOGRAPHY 

Recently,  two  proposals  for  global  ionospheric  mapping 
have  been  presented  [24],  [25].  The  techniques  and  as¬ 
sumptions  arc  very  similar  to  the  two  dimensional  to¬ 
mography  discussed  so  far,  though  the  geometry  is  very 
different. 

The  TEC  data  arc  to  be  collected  using  L-band  signals 
from  the  Global  Positioning  System  (GPS)  of  satellites 
Instead  of  using  ground  based  receivers,  it  is  proposed 
that  a  low  orbit  satellite  receive  GPS  TEC  data  could 
be  collected  when  the  integration  path  skimmed  through 
the  Earth’s  ionosphere  Ground  based  receivers  might 
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Figure  4-  Impulse  response  for  a  finite  number  of  discrete  receivers  with  lim:ts  on  the  minimum  elevation  angle  after  Yeh  and 
Raymund  (17).  The  region  covers  1000  km  horizontally  and  1000  km  vertically.  See  the  text  for  discussion  of  the  features 


In  the  plan  proposed  by  Hajj  and  Yunck  (25),  singular 
value  decomposition  (SVD)  is  used  to  solve  a  linear  sys¬ 
tem  like  (3.)  The  pixels  have  been  replaced  with  voxels 
(a  cube  of  constant  electron  density).  Now  the  image  re¬ 
gion  is  three  dimensional  and  has  been  divided  into  blocks 
instead  of  squares. 

The  method  proposed  by  Chiu  et  al.  [24]  is  most  like 
the  basis  function  expansion  methods,  but  it  does  not  fit 
into  any  one  category  completely.  The  TEC  data  can 
be  binned  up  into  sets  where  each  set  corresponds  to  a 
particular  conjunction  of  the  low  orbit  satellite  and  a 
GPS  satellite  The  sets  are  also  local  to  a  region  of  the 
ionosphere  A  local  ionosphere  is  computed  based  on  the 
TEC  data.  The  gradient  of  the  TEC  data  is  also  used 
and  some  correction  terms  generated.  The  processes  is 
repeated  iteratively  and  the  resulting  local  ionospheres 
stitched  together  to  form  a  global  map. 

8.  CONCLUSIONS 

Though  in  its  infancy,  ionospheric  tomography  is  rapidly 
developing  into  a  usable  tool  for  investigating  ionospheric 
electron  density  structures.  The  early  history  of  iono¬ 
spheric  tomography  reviewed  in  Sections  2  through  3, 
compared  with  the  recent  more  sophisticated  approaches 
reviewed  in  4  shows  that  methods  arc  rapidly  improving 
The  results  mentioned  in  Section  5.  show  an  increased  un¬ 
derstanding  of  the  problems  of  ionospheric  tomography, 
and  finally,  the  results  discussed  in  Section  6.  verify  some 
of  the  promise  of  ionospheric  tomography. 


mains  a  problem.  Also,  some  experiment  must  be  done 
where  another  instrument  can  verify  the  reconstructed 
ionosphere.  For  example,  a  chain  of  Transit  receivers 
could  be  set  up  along  the  coast  of  North  America  to  col¬ 
lect  TEC  data.  The  reconstructed  ionosphere  could  be 
verified  using  the  Mill  Stone  Hill  incoherent  scatter  radar. 
Similar  experiments  could  be  configured  using  Fiscal 
These  experiments  would  provide  valuable  insight  into 
the  practical  problems  associated  with  tomography  and 
would  also  provide  a  rigorous  test  bed  for  reconstruction 
schemes. 
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Figure  10  Experimental  ionospheric  tomography  reconstruction  after  Pryse  and  Kersley  [22]  Note  the  depression  at  300 
km  altitude  and  61°  North  which  could  be  the  polar  trough. 


DISCUSSION 


B.  REINISCH 

Why  don ' t  you  have  any  experimental  validation  of  your  technique? 

AUTHOR’S  REPLY 

We  have  not  had  sufficient  resources  to  develop  the  hardware  required  for  a  campaign.  We  hope  this  will  change  soon! 


C.  GOUTELARD 

You  mention  the  use  of  orthonormal  empirical  functions  for  the  modelling  of  your  calculation.  This  choice  simplifies  the 
treatment  by  computer  and  its  is  very  important.  Can  you  desribe  those  functions  and  your  choice? 

AUTHOR’S  REPLY 

The  functions  are  more  completely  described  in  the  references  Daniell  [15],  Fremouw  et  al.  [Id]  and  Na  [16],  Basically,  the 
functions  bound  the  results  with  the  space  spanned  by  some  reasonable  set  of  example  ionospheres. 
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MAPPING  ELECTRON  CONTENT  AND  ELECTRON  DENSITY  IN  THE  SUB-AURORAL  IONOSPHERE 


I.K.Walker,  S.EPryse,  GD.Russell,  D.LRicc  and  L.Kersley 
Physics  Department,  University  College  of  Wales,  Aberystwyth,  Dyfcd.  SY23  3BZ.  UK 


SUMMARY 

Applications  involving  radio  waves  propagating  through  the 
ionosphere  are  subject  to  errors  due  to  effects  of  the  medium. 
For  several  of  these  effects  the  electron  content  along  the 
propagation  path  is  a  key  parameter.  At  high  latitudes,  steep 
gradients  in  electron  content  resulting  from  electron  density 
variations  in  the  vicinity  of  the  ionospheric  trough  arc  of 
particular  importance.  The  present  paper  describes  two 
methods  of  mapping  electron  content  and  electron  density  in 
the  sub-auroral  ionosphere  over  northern  Europe. 

A  receiving  system  for  the  150  MHz  and  400  MHz 
transmissions  from  NNSS  satellites  has  been  based  at  Lerwick 
in  the  Shetland  Islands  for  several  years.  The  experiment 
yields  measurements  of  differential  carrier  phase  from  which 
estimates  can  be  made  of  the  total  electron  content  as  a 
function  of  latitude  for  each  pass  of  the  satellites  monitored. 
Calibration  to  obtain  absolute  values  is  achieved  using  spot 
data  from  a  co-locatcd  receiving  system  for  GPS  satellites  or 
by  means  of  ionosondc  foF2  values  and  a  slab  thickness 
model.  The  constellation  of  7  NNSS  satellites  in  polar  orbits 
gives  good  temporal  coverage  of  satellite  passes  so  that 
contour  plots  can  be  drawn  of  electron  content  behaviour  as  a 
function  of  latitude  and  time.  Results  arc  presented  illustrating 
behaviour  of  the  ionospheric  trough. 

Simultaneous  measurements  of  electron  content  made  at 
several  stations  spaced  in  the  meridian  can,  in  principle,  be 
inverted  using  the  techniques  of  computerised  tomography  to 
reconstruct  images  of  electron  density  as  a  function  of  latitude 
and  height.  The  paper  describes  an  experimental  campaign 
carried  out  in  the  UK  in  December  1990  during  which 
simultaneous  observations  were  made  using  the  NNSS 
satellites  at  4  stations  covering  a  latitudinal  range  of  some  8 
degrees.  The  resulting  measurements  of  electron  content  from 
some  30  satellite  passes  have  been  used  in  a  reconstruction 
algorithm  to  map  the  electron  density  on  a  two-dimensional 
grid.  The  potential  usefulness  of  tomographic  techniques  in 
ionospheric  sensing  is  discussed  in  the  light  of  the  results 
obtained. 


1.  INTRODUCTION 

Radio  signals  propagating  in  the  ionosphere  arc  subject  to 
effects  of  the  medium  which  can  result  in  system  errors.  For 
many  applications  involving  trans-ionospheric  propagation  the 
total  electron  content  along  the  path  is  a  key  parameter,  while 
in  others  the  structure  of  ionospheric  electron  density  is  of 
importance.  The  present  paper  describes  results  obtained  from 
two  experimental  techniques  that  have  been  used  to  map 
electron  content  and  electron  density  in  the  sub-auroral 
ionosphere  over  northern  Europe,  with  a  view  to  obtaining 
improved  knowledge  of  the  propagation  medium.  The 
experiments  arc  based  on  the  reception  of  150  MHz  and  400 
MHz  phase  coherent  transmissions  from  polar  orbiting 
satellites  in  the  Navy  Navigational  Satellite  System  (NNSS). 
Monitoring  of  the  differential  carrier  phase  enables  the 
equivalent  vertical  total  electron  content  to  be  obtained  as  a 
function  of  latitude.  The  constellation  of  7  operational  NNSS 
satellites  observed  at  a  high  latitude  site  gives  good  temporal 
coverage  of  satellite  passes.  A  mapping  technique  has  been 
developed  to  use  tiie  observations  to  display  the  morphological 
variations  of  total  electron  content  for  an  ionospheric  region  in 
the  vicinity  of  the  main  F-layer  dough.  The  experiment  also 
yields  information  on  the  radio-wave  scintillation  arising  from 
small-scale  irregularities  in  ionospheric  electron  density.  The 
mapping  technique  has  been  applied  to  the  scintillation 
observations  enabling  irregularity  occurrence  to  be  rcl.  cd  to 


the  largcr-scale  electron  content  structures.  Results  arc 
presented  and  discussed  here  illustrating  the  success  of  the 
technique  in  displaying  the  temporal  development  of  both 
large  and  small-scale  features  in  the  ionosphere  over  a  wide 
latitudinal  range  in  the  sub-auroral  region. 

The  second  part  of  the  paper  is  concerned  with  the 
development  of  ionospheric  tomography  to  provide 
two-dimensional  images  of  electron  density.  Measurements  of 
electron  content  made  at  a  latitudinal  chain  of  stations  have 
been  used  to  reconstruct  images  of  electron  content  in  the 
latitudc/hcight  plane.  Experimental  results  arc  presented 
showing  the  development  of  the  main  trough  which  illustrate 
the  potential  of  ionospheric  tomography. 


2.  BACKGROUND 

The  midlalitudc  trough  and  the  scintillation  boundary  arc  well 
established  features  of  the  sub-auroral  ionosphere.  The  trough 
has  been  the  subject  of  considerable  study  since  the 
mid-1960’s.  A  review  by  Wrcnn  and  Rain  (1975)'  details  the 
early  work,  while  more  recent  studies  have  been  summarised 
by  Moffett  and  Qucgan  (1983)’.  The  trough  is  primarily  a 
mghtsidc  phenomenon,  extending  from  dusk  through  to  the 
dawn  sector,  though  Whalen  (1987)’  has  identilied  a  daytime 
trough  at  higher  latitudes.  Rodger  cl  al.  (1986)*  noted  that 
many  studies,  especially  those  carried  out  using  satellite 
observations,  concentrate  on  the  location  of  the  trough 
minimum  as  this  is  usually  the  most  readily  identifiable  feature 
in  the  data.  Little  information  is  available  about  gradients  in 
the  vicinity  of  the  minimum,  though  it  seems  accepted  that  the 
poleward  wall  of  the  trough  is  steeper  than  that  on  the 
cqualorward  side  of  the  depression.  It  is  generally  agreed  that 
the  latitude  of  the  trough  decreases  throughout  the  night  and 
during  periods  of  increased  geomagnetic  activity  the  trough  is 
seen  at  lowci  latitudes. 

The  region  of  small-scale  ionospheric  irregularities  at  high 
latitudes  is  often  characterised  by  a  sharp  equatorial  boundary. 
The  occurrence  morphology  of  this  so-called  scintillation 
boundary  has  been  discussed  by  many  workers  (eg.  Aarons  ct 
al.  1971s,  Stuart  1972s).  Early  attempts  to  investigate  the 
relationship  between  the  trough  and  the  scintillation  boundary 
suggested  that  the  two  phenomena  had  statistical  behaviours 
that  were  broadly  similar.  However,  Kcrslcy  cl  al.  (1975)’ 
concluded  from  simultaneous  observations  that  the  two 
features  were  essentially  independent  having  a  relative  motion 
that  followed  a  diurnal  pattern.  The  current  work  is  aimed  at 
exploiting  the  abundance  of  suitable  passes  of  NNSS  satellites 
to  gain  further  understanding  of  the  characteristics  of  the 
trough  as  seen  in  total  electron  content  and  the  scintillation 
boundary  over  northern  Europe. 


3.  THE  EXPERIMENT 

The  experiment  makes  use  of  the  phase  coherent  signals 
transmitted  on  150  MHz  and  400  MHz  from  the  constellation 
of  7  NNSS  polar  orbiting  satellites.  The  transmissions  arc 
used  to  estimate  ionospheric  total  electron  content  using  the 
differential  carrier  phase  technique  and  to  study  both 
amplitude  and  phase  scintillation.  The  received  differential 
carrier  phase  is  determined  at  a  sampling  interval  of  0.2  s 
whilst  values  of  parameters  which  characterise  amplitude  and 
phase  scintillation  arc  recorded  for  every  20  s  of  satellite  pass. 
The  former  allow  features  of  the  large-scale  structure  of 
electron  content  to  be  studied  as  a  function  of  latitude,  while 
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the  latter  indicate  the  presence  of  ionospheric  irregularities  of 
sub-kilometre  size.  The  automated  receiving  and  data-logo.ing 
equipment  is  located  at  Lerwick  (60.1'N  1.2’W)  in  ihc 
Shetland  Islands  and  has  been  configured  in  the  manner 
described  above  since  early  1989.  On  average  some  14  passes 
per  day  have  been  monitored  in  the  long  term  by  the  receiving 
system,  with  a  mean  duration  per  pass  of  some  15  minutes. 
Observations  from  individual  passes  give  information  on  the 
latitudinal  structure  of  the  ionosphere  while  slow  temporal 
changes  arc  seen  in  the  measurements  from  successive  passes. 

The  analysis  technique  for  Ihc  tcduclion  of  single  station 
differential  carrier  phase  measurements  to  total  electron 
content  is  well  established.  The  technique  assumes  a  linear 
horizontal  gradient  in  electron  content  in  the  vicinity  of  the 
point  of  satellite  closest  approach  to  estimate  the  absolute 
phase  difference  and  hence  absolute  total  electron  content. 
Near  the  minimum  of  the  ionospheric  trough  this  assumption 
is  open  to  question  and  the  resulting  estimates  of  total  electron 
content  must  be  treated  with  extreme  caution.  Leitingcr  ct  al. 
(1975)*  developed  a  technique  using  two  latitudinally 
separated  stations  to  provide  overlapping  measurements  and 
hence  overcame  the  problem  that  the  real  ionosphere  is  not 
necessarily  characterised  by  a  linear  gradient  in  electron 
content.  However,  for  the  bulk  of  the  observations  reported 
here  only  measurements  from  ihc  single  station  at  Lerwick  are 
available  so  alternative  methods  of  calibration  have  been 
sought.  Two  approaches  to  calibration  of  the  NNSS  total 
electron  content  measurements  have  been  developed.  The  first 
method  makes  use  of  another  receiving  system  co-locatcd  at 
Lerwick.  This  receiver,  operated  for  the  Geophysics 
Laboratory  of  the  US  Air  Force  monitors  transmissions  from 
satellites  m  the  Global  Positioning  System  (GPS)  and  enables 
absolute  total  electron  content  to  be  determined  along  a 
specified  linc-of-sight.  This  line-of-sight  varies  only  slowly  as 
a  function  of  lime  and  the  resulting  GPS  observations  have 
been  related  to  the  NNSS  measurements  at  Ihc  same 
ionospheric  latitude  and  lime,  thus  allowing  calibration  of  the 
NNSS  observations  to  obtain  absolute  total  electron  content. 
Whcic  GPS  results  were  not  available  a  different  calibration 
technique  was  employed.  This  second  approach  made  use  of 
ionospheric  slab  thickness,  the  ratio  of  total  electron  content  to 
peak  electron  density.  Ionosondc  measurements  of  the 
F2-layer  critical  frequency  and  hence  maximum  electron 
density  arc  often  readily  available.  Knowledge  of  slab 
thickness  thus  allows  total  electron  content  to  be  estimated. 
An  empirical  model  of  slab  thickness  relevant  to  European 
midlatiludcs  was  developed  at  Aberystwyth  during  Ihc 
mid-1970’s.  The  model  was  based  upon  harmonic  expansions 
of  the  known  diurnal  and  seasonal  changes,  together  with  solar 
and  magnetic  responses,  and  has  been  described  by  Kcrsley 
(1980)  .  Total  electron  content  measurements  made  at 
Aberystwyth  (52.4‘N  4.1*W)  using  observations  of  Faraday 
rotation  along  the  line  of  sight  to  geostationary  satellites 
during  the  period  1967  to  1974  were  used  in  the  construction 
of  the  model.  Despite  referring  to  an  ionospheric  point  well  to 
the  south  of  Lerwick,  the  model  probably  represents  the  best 
information  available  on  slab  thickness  variations  appropriate 
to  northern  Europe.  The  slab  thickness  model  was  used  in 
conjunction  with  hourly  foF2  data  from  the  ionosondc  at 
South  Uist  (57.4’N  7.3'W),  the  closest  ionosondc  to  Lerwick, 
to  yield  values  of  total  electron  content  for  calibration  of  the 
NNSS  observations  when  data  from  the  GPS  system  were  not 
available. 

For  the  purposes  of  the  present  paper  GPS  total  electron 
content  measurements  veic  only  available  for  the  periods  21 
September  to  21  October  1989  and  1  to  31  December  1989. 
The  analysis  of  NNSS  observations  and  study  of  the  results 
presented  here  has  been  concentrated  on  these  two  months, 
which  were  near  the  maximum  of  the  solar  cycle. 


4.  MAPPING  TOTAL  ELECTRON  CONTENT 

An  NNSS  satellite  pass  provides  measurements  of  differential 
carrier  phase  and  hence  equivalent  vertical  total  electron 
content  as  a  function  of  time  and  hence  of  latitude.  'Hi esc 
measurements  are  then  scaled  using  the  appropriate  value  of 


tola!  electron  content  supplied  from  cither  the  GPS  data  base 
or  the  slab  thickness  model  at  a  particular  point  on  the  satellite 
pass  to  give  the  variation  of  absolute  equivalent  vertical  total 
electron  content.  Fig.l  shows  examples  of  the  resulting 
variation  of  equivalent  vertical  total  electron  content  as  a 
function  of  latitude  for  4  consecutive  satellite  passes  observed 
between  1750  UT  and  2130  UT  on  the  4  October  1989.  It  can 
be  seen  that  a  trough-like  feature  is  clearly  present  in  the 
observations  commencing  at  1918  UT  and  again  at  2128  UT. 
In  both  cases  steep  gradients  in  electron  content  arc  found  on 
either  side  of  the  trough  minimum.  The  position  of  the  trough 
minimum  descends  in  latitude  with  time  from  around  66*N  in 
the  observations  al  1918  UT  to  around  63’N  at  2128  UT. 
Whilst  the  poleward  wall  of  the  trough  is  not  apparent  in  two 
of  the  passes,  it  would  appear  that  the  trough  minimum  was 
observed  in  each  case  and  at  latitudes  that  arc  consistent  with  a 
descending  pattern. 

Through  use  of  extended  sequences  of  satellite  passes  of  this 
kind  it  is  possible  to  construct  maps  illustrating  the  variation 
of  total  electron  content  not  only  as  a  function  of  latitude  but 
also  as  a  function  of  time.  For  this  purpose  total  electron 
content  measurements  were  binned  according  to  hour  and 
latitude  and  then  averaged  to  give  a  single  value  for  each 
degree  of  latitude  by  one  hour  bin.  Plotting  of  the  resulting 
data  made  use  of  Uniras©  on-screen  interactive  graphical 
processing  enabling  the  appropriate  selection  of  parameter 
ranges  to  be  made  whilst  ensuring  the  integrity  of  the  final 
output.  The  resultant  maps  illustrate  Ihc  variation  of  total 
electron  content  over  some  25"  of  latitude  as  a  function  of 
lime.  For  the  purposes  of  the  present  study  attention  has  been 
concentrated  on  the  12-hour  period  from  1600  hours  to  0400 
hours  during  which  the  trough  is  most  likely  to  be  found  in  Ihc 
latitudinal  range  displayed. 


5.  RESULTS 

An  example  of  a  contour  map  showing  Ihc  variation  of  total 
electron  content  as  a  function  of  latitude  and  time  is  shown  in 
3-dimcnsional  form  in  Fig.2.  These  data  were  recorded  during 
the  early  evening  and  night  of  the  11-12  October  1989  and  a 
total  of  8  successive  satellite  passes  have  been  combined  to 
produce  Ihc  map.  The  most  striking  features  arc  the  decay  in 
electron  content  with  the  progression  from  early  evening  into 
the  night  and  the  presence  of  a  trough-like  feature.  The  trough 
can  be  seen  developing  as  early  as  1700  UT  and  is  clearly  in 
evidence  by  1800  UT  with  a  minimum  at  around  68‘N 
ionospheric  geographic  latitude.  The  position  of  Ihc  minimum 
is  seen  to  descend  in  latitude  with  time  to  around  64*N  by 
2300  UT.  Steep  gradients  in  electron  content  arc  evident  in 
both  the  cqualorward  and  poleward  walls  of  Ihc  trough,  with 
the  steepest  gradients  on  Ihc  northern  slope.  In  this  example, 
the  trough  becomes  gradually  merged  with  the  decaying 
night-time  ionosphere  in  the  post-midnight  sector,  particularly 
at  lower  latitudes.  Geomagnetic  conditions  during  this  period 
were  quiet,  with  Kp  not  exceeding  2-. 

The  current  experiment  also  provides  information  on 
ionospheric  scintillation.  In  particular,  Ihc  fluctuations  in 
signal  intensity  at  150  MHz  arc  characterized  by  a  value  of  the 
S4  scintillation  index  computed  every  20  s.  A  plot  of  S4  index 
as  a  function  of  latitude  for  a  single  satellite  pass  on  14 
October  1989  commencing  1913  UT  is  shown  in  Fig.3.  A 
clear  increase  in  signal  fluctuation  towards  the  north  is  seen, 
with  the  S4  value  rising  from  0.2  (weak  scintillation)  at  around 
66’N  to  0.7  (strong  scintillation)  near  74'N,  This  type  of  plot 
is  typical  of  the  passage  of  the  ray  path  across  the  so-called 
scintilla), on  boundary. 

Using  techniques  similar  to  those  outlined  above  it  is  possible 
to  produce  maps  of  S4  as  functions  of  both  latitude  and  time. 
An  example  of  such  a  map  is  shown  in  Fig.4,  illustrating 
scintillation  on  the  evening  and  night  of  the  11-12  October 
1989,  the  same  time  period  of  the  electron  content 
observations  presented  in  Fig.2.  The  dominant  feature  of  this 
plot  is  the  sharp  increase  in  scintillation  towards  the  north 
associated  with  the  crossing  of  Ihc  scintillation  boundary. 
This  feature  is  sustained  throughout  the  entire  period  shown 
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here,  moving  equatorward  in  ihc  pre-midnight  sector,  most 
sharply  at  around  2000  UT.  It  should  be  noted  that  some  of 
the  isolated  structures  observed  south  of  the  monitoring  station 
at  60,1'N  may  arise  at  least  partially  from  effects  of  the 
observational  geometry.  Due  to  the  field-aligned  nature  of  the 
irregularities  an  enhancement  is  seen  in  S4  when  the 
propagation  path  lies  along  a  magnetic  field  line  or  is  confined 
to  an  L-shell.  A  discussion  of  the  observational  effects 
appropriate  to  observations  from  Lerwick  has  been  provided 
by  Pryscetal.  (1991)1 °. 

It  is  possible  to  combine  the  total  electron  content  and  S4 
observations  of  (he  kind  shown  above  to  produce 
4-dimcnsional  plots  like  that  in  Fig.5.  The  total  electron 
content  is  represented  by  the  wire  grid  and  the  S4  by  the 
superposed  shaded  contouring.  It  can  be  seen  that,  for  this 
particular  example  for  the  11-12  October  1989,  the  steep  rise 
in  the  S4  scintillation  index  observed  at  higher  latitudes 
appears  coincident  with  the  poleward  wall  of  the  trough  and 
that  the  latitude  variation  of  the  boundary  essentially  mirrors 
the  movement  of  the  trough.  This  type  of  observation  is  of 
importance  to  understanding  the  nature  of  the  physical 
mechanisms  responsible  for  the  production  and  growth  of  the 
small-scale  irregularities  causing  scintillation.  It  would  appear 
that  in  the  example  shown  here  the  irregularities  arc  associated 
with  gradients  in  electron  content  increasing  towards  the  north, 
suggesting  that  in  this  case  Ihc  plasma  convection  may  have 
resulted  in  destabilisation  of  the  gradient.  The  strongest 
scintillation  around  2200  UT  is  associated  with  the  steepest 
northward  gradient.  A  close  examination  of  the  region  where 
scintillation  was  observed  south  of  the  station  shows  that  here 
again  there  is  evidence  that  the  small-scale  structure  is 
.associated  with  a  weak  northwards  gradient  from  about  2000 
UT.  These  results  appear  to  suggest  that  the  gradient  drift 
mechanism  may  have  been  responsible  for  the  irregularity 
development  in  this  case,  with  northwards  gradients  being 
unstable  to  the  prevailing  plasma  motion. 

Another  example  of  a  trough-like  feature  is  shown  using  the 
4-dimensional  type  of  map  in  Fig.  6.  This  map  covers 
identical  time  and  latitude  range  to  those  shown  in  Fig.5  and 
was  constructed  from  observations  made  in  the  evening  and 
night  of  the  4-5  October  1989.  Geomagnetic  conditions 
during  this  period  were  moderate  with  Kp  not  exceeding  2+. 
Once  again  total  electron  content  is  seen  to  decrease  with  the 
passage  from  evening  into  the  night.  The  trough  minimum  can 
be  identified  as  early  as  1600  UT  at  a  latitude  of  65*N  and  the 
position  of  the  minimum  is  observed  to  descend  in  latitude 
with  time  to  around  58‘N  by  0400  UT.  Prior  to  2200  UT  steep 
gradients  in  electron  content  arc  seen  on  both  walls  of  the 
trough.  In  the  post-midnight  sector  the  poleward  wall  of  the 
trough  exhibits  some  of  the  steepest  gradients  in  total  electron 
content  but  docs  not  extend  much  beyond  63'N.  The  region  to 
the  north  of  (his  latitude  is  characterised  by  another  broad 
minimum.  In  this  same  sector  the  equatorward  wall  of  the 
trough  appears  to  become  merged  with  the  gradually  decaying 
night-time  ionosphere.  This  feature  of  an  apparently 
latitudinally  limited  poleward  wall  has  been  found  to  be  a 
characteristic  of  moderate  levels  of  geomagnetic  activity. 
Around  midnight  the  trough  minimum  is  less  well  defined  than 
at  other  times.  This  observation  is  also  characteristic  of  many 
of  the  current  observations  for  intermediate  geomagnetic 
conditions.  In  this  example,  no  simple  relationship  is  apparent 
between  the  variations  in  the  S4  scintillation  index  and  the 
total  electron  content.  Prior  to  2200  UT  some  scintillation  was 
observed  on  both  walls  of  the  trough,  however  in  the 
post-midnight  sector  scintillation  was  only  present  at  latitudes 
above  the  trough  minimum  Strong  scintillation  (S4  >  0.8) 
was  observed  continuously  at  the  highest  latitudes  throughout 
the  period  shown. 

A  limited  set  of  examples  is  presented  here  to  illustrate  the 
varied  response  of  total  electron  content  and  amplitude 
scintillation  to  the  wide  range  of  geomagnetic  activity  during 
the  two  months  under  consideration. 

(i)  High  Kp 

Fig.6  is  a  plot  showing  combined  total  electron  content  and  S4 
scintillation  index  where  Kp  had  been  high  (above  4)  and  was 


returning  to  lower  values.  A  trough-like  feature  is  once  again 
present  in  the, variation  of  total  electron  content,  however  the 
position  of  the  trough  lies  much  further  south  than  in  the 
examples  of  troughs  discussed  above  in  Figs.4  and  5.  If  direct 
comparisons  are  made  at  2100  UT  it  can  be  seen  that  in  this 
particular  example  the  trough  minimum  is  located  at  around 
59*N,  compared  to  approximately  64‘N  on  (he  11-12  October 
(Fig.4)  and  about  63‘N  on  the  4-5  October  (Fig.5).  The 
magnitude  of  the  electron  content  is  generally  low  throughout 
the  night,  another  characteristic  feature  of  disturbed  magnetic 
conditions.  The  scintillation  boundary  generally  follows  the 
north  wall  of  the  trough  though  the  maximum  S4  is  found 
during  a  4  hour  period  commencing  2000  UT  in  the  latitude 
range  67‘N  to  72*N. 

Caution  must  be  exercised  in  trying  to  generalise  about  the 
total  electron  content  behaviour  during  disturbed  geomagnetic 
conditions.  It  is  well  established  that  low  night-time  contents 
arc  found  after  storm  onsets.  Fig.7  shows  an  example  during  a 
very  large  geomagnetic  storm  where  Kp  reached  8+.  The 
levels  of  electron  content  arc  low  throughout  the  entire 
latitudinal  range  and  time  period.  No  well  defined  trough 
behaviour  can  be  identified,  though  a  poleward  gradient  in  the 
58‘N  to  63‘N  latitudinal  range  can  be  seen  in  the 
post-midnight  sector.  High  levels  of  scintillation  activity  (S4 
>  0.6)  arc  apparent  over  much  of  the  plot,  indicating  that  the 
boundary  is  probably  well  south  of  the  observing  region. 

(ii)  Moderate  Kp 

Figures  8  and  9  arc  examples  of  observations  when  Kp  was 
cncrally  x,  2.  These  data  were  recorded  on  the  29-30 
eptember  and  the  5-6  December  respectively.  In  Fig. 8  a 
weak  trough  is  apparent  in  ihc  post-midnight  sector  with  a 
minimum  around  57‘N  latitude.  The  poleward  wall  rises  to  a 
maximum  at  around  65*N  and  a  broad  plateau  extends  beyond 
this  latitude.  In  the  evening  sector  a  trough  can  be  seen  at  the 
highest  latitudes  which  descends  to  about  65‘N  at  2100  UT. 
However,  this  feature  docs  not  follow  through  in  a 
well-defined  way  to  merge  into  the  post-midnight  trough.  In 
fact  around  magnetic  midnight  the  region  of  the  trough 
minimum  shows  a  general  enhancement  in  the  electron  content 
so  that  the  feature  becomes  less  well-defined,  a  characteristic 
of  many  of  the  observations  during  conditions  of  moderate 
geomagnetic  activity.  A  gradual  increase  in  scintillation  was 
oliscrvcd  towards  higher  latitudes  with  a  general  cquatorwards 
movement  of  the  boundary  with  the  passage  of  time.  In  Fig.9 
it  is  not  possible  to  identify  a  trough  minimum  in  the 
post-midnight  sector,  however  Ihc  positive  gradient  in  total 
electron  content  towards  the  north  at  lower  latitudes  is  seen  to 
increase  sharply  beyond  about  57'N  to  create  a  poleward  wall 
that  maximises  at  64'N  at  0400  UT.  A  steady  decline  in  total 
electron  content  is  observed  north  of  this  maximum.  In  this 
example,  an  abrupt  scintillation  boundary  is  found  apparently 
coincident  with  the  sudden  increase  in  total  electron  content 
which  creates  Ihc  poleward  wall  after  2100  UT. 

(iii)  Low  Kp 

Figures  11  and  12  arc  plots  illustrating  observations  recorded 
on  Ihc  nights  of  14-15  October  and  10-11  December 
respectively.  At  no  stage  during  these  observations  was  Kp 
above  1  for  any  three-hour  period.  The  trough  is  not  clearly 
defined  in  either  example  though  there  is  some  evidence  for  a 
weak,  broad  minimum  to  develop  as  the  night  progresses.  On 
both  nights  a  steady  increase  in  the  gradient  of  the  poleward 
wall  is  apparent  in  the  post-midnight  sector.  Lower  electron 
content  values  and  earlier  post-sunset  decline  to  a  winter  night 
can  be  seen  in  the  December  data.  A  broad,  poorly  defined 
trough  after  midnight  seems  to  be  characteristic  of  very  quiet 
geomagnetic  conditions.  In  both  plots  the  strongest 
scintillation  is  found  at  the  highest  latitudes  after  midnight, 
with  a  broad  boundary  again  at  higher  latitudes  than  was  seen 
under  disturbed  magnetic  conditions. 


6.  IONOSPHERIC  TOMOGRAPHY 

Computerised  tomography  has  had  a  revolutionary  effect  on 
medical  diagnosis  by  providing  high  resolution 
two-dimensional  images  of  sections  of  the  human  body.  The 
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techniques  of  tomography  are  now  being  applied  to  other 
fields,  including  geophysics.  The  essence  of  the  method  is 
that  the  line  integral  of  a  parameter  is  measured  over  a  large 
number  of  intersecting  paths  crossing  a  region  of  interest  with 
the  resulting  data  set  being  inverted  in  a  reconstruction 
algorithm  to  give  a  two-dimensional  image  of  the  parameter. 

The  possible  application  of  computerised  tomography  to  the 
ionosphere  was  first  discussed  by  a  group  from  the  University 
of  Illinois  (Austen  ct  al.  1986)' '.  The  system  envisaged 
involved  the  monitoring  of  radio  transmissions  from  a  satellite 
in  low  orbit  at  a  network  of  ground  stations  to  measure 
ionospheric  total  electron  content  along  many  intersecting 
paths  with  the  resulting  tomographic  reconstruction  yielding  a 
two-dimensional  image  of  electron  density  in  a  vertical  section 
through  the  ionosphere.  The  work  has  been  continued  by  the 
Illinois  group  in  the  form  of  model  studies  (Austen  et  al. 
1988'  2 ,  Raymund  et  al.  1990").  Workers  in  the  USSR  at  the 
Polar  Geophysical  Institute  and  the  University  of  Moscow 
have  published  an  image  of  electron  density  obtained  from 
experimental  measurements  at  a  chain  of  three  stations 
(Andreeva  et  al.  1990)'  * .  Prysc  and  Kcrslcy  (1991)"  have 
presented  an  electron  density  plot  obtained  from  a 
tomographic  reconstruction  in  the  first  independent 
comparison  with  an  independent  measurement  of  electron 
density  from  an  incoherent  scatter  radar. 

The  present  paper  describes  results  from  a  short  campaign  of 
experimental  measurements  aimed  at  testing  the  applicability 
of  ionospheric  tomography  to  the  imaging  of  electron  density 
in  the  trough  region.  A  chain  of  four  stations  was  set-up  to 
monitor  the  differential  carrier  phase  of  NNSS  satellite  signals 
during  a  three-day  period  in  December  1990.  The  stations 
covered  a  latitudinal  range  of  some  8  degrees  and  lay  in  an 
approximately  straight  line  with  a  small  longitudinal  range  of 
less  than  3  degrees  (Fig.13).  Some  thirty  satellite  passes  were 
monitored  simultaneously  al  the  sites,  yielding  the  electron 
content  observations  that  have  provided  the  basis  for  the 
tomographic  reconstructions  of  electron  density.  The 
geometry  used  for  the  reconstructions  is  shown  in  Fig.  14.  The 
satellite  moves  at  a  height  of  1100  km.  Total  electron  content 
measurements  along  satellite  to  receiver  paths  arc  taken  at 
intervals  of  0.6  degrees  latitude  of  satellite  motion.  The  grid 
of  cells  superimposed  on  the  paths  extends  from  a  height  of 
100  to  1000  km.  The  figure  shows  the  resolution  used  for  the 
reconstructions,  with  each  cell  being  approximately  25  km 
square.  The  reconstruction  algorithm  used  was  the 
Simultaneous  Iterative  Reconstruction  Technique  (SIRT) 
described  by  Austen  et  al.  (1988)' 2  which  required  an  initial 
ionisation  distribution  in  (he  grid.  As  the  algorithm  was 
implemented,  the  electron  densities  in  the  cells  intersected  by 
ray  paths  were  modified  in  accordance  with  the  electron 
content  observations  and  latitudinal  structures  in  electron 
density  became  apparent. 

Fig.  1 5  shows  the  slant  total  electron  content  measured  at  each 
of  the  4  sites  as  a  function  of  latitude  for  a  pass  on  the  16 
December  (day  number  350)  at  11:25  UT.  The  curves  are 
similar  in  shape,  with  minima  displaced  in  latitude  in 
accordance  with  receiver  site.  A  best  estimate  of  absolute 
level  has  been  obtained  by  using  the  calibration  method  of 
Leitingcr  et  al.  (1975)'  for  pairs  of  stations.  The  resulting 
equivalent  vertical  total  electron  content  profiles  for  this 
particular  pass  arc  shown  in  Fig.  16.  It  can  be  seen  that  there  is 
close  agreement  between  the  observations  made  at  the  4  sites, 
with  total  electron  content  gradually  decreasing  towards  the 
north  in  this  example  of  a  mid-day  pass. 

To  generate  the  initial  density  distribution  required  by  (he 
algorithm,  an  average  electron  density  was  calculated  for  the 
grid.  This  was  done  by  dividing  the  sum  of  the  total  electron 
content  along  all  satellite  to  receiver  paths  by  the  sum  of  the 
path  lengths  within  the  grid.  This  average  was  then 
redistributed  vertically  within  the  grid  according  to  a  Chairman 
model  ionosphere.  For  this  purpose  the  height  of  the 
ionisation  peak  was  set  arbitrarily  at  325  km  for  all  of  the 
observations  and  an  appropriate  scale  height  assumed.  For  the 
case  of  1 1  December  at  1 125  UT  the  scale  height  was  taken  to 
be  40  km,  a  value  based  on  the  same  observations  of  slab 


thickness  made  at  Aberystwyth  during  solar  maximum  in  the 
late-1960’s  that  were  used  in  the  construction  of  the  empirical 
slab  thickness  model  discussed  earlier  in  this  paper.  This 
model  showed  that  for  December  the  slab  thickness  at  1100 
UT  was  only  about  170  km,  while  the  scale  height  for  an 
assumed  isothermal  ionosphere  can  be  taken  to  be 
approximately  a  quarter  of  the  slab  thickness.  Having 
estimated  an  initial  electron  density  for  each  cell  in  the  manner 
described  above  the  SIRT  algorithm  was  implemented.  The 
resulting  electron  density  distribution  obtained  from  the 
tomographic  reconstruction  for  the  pass  is  shown  as  a  function 
of  height  and  latitude  in  Fig.17.  It  can  be  seen  that  there  is  a 
peak  electron  density  of  some  20  x  10‘ 1  m's  and  a  gradual 
latitudinal  gradient  with  densities  decreasing  toward  the  north. 

The  assumptions  involved  in  the  tomographic  reconstruction 
can  be  verified  if  independent  ionospheric  measurements  are 
available.  For  this  particular  campaign  the  only  observations 
available  in  the  region  of  interest  were  the  published  F-layer 
critical  frequencies  from  the  ionosondc  at  Slough  (51.5‘N 
0.6'W).  The  ionosondc  measurements  made  around  Inc  time 
of  the  pass  gave  a  peak  electron  density  of  about  22  x 
10'  'm  * .  This  value  is  in  reasonable  agreement  with  the 
peak  density  obtained  using  the  tomographic  reconstruction  of 
the  electron  content  measurements. 

Observations  using  7  NNSS  satellites  provide  good  temporal 
coverage  so  that  it  is  possible  to  follow  the  development  of  the 
ionosphere  over  a  prolonged  period.  Of  particular  interest  is 
the  structure  and  motion  of  the  trough.  Tomographic 
reconstructions  of  electron  density  showing  the  development 
of  the  trough  on  the  night  of  the  15-16  December  1990  (day 
numbers  349-350)  arc  presented  in  Figs.  18a  to  18h.  The 
latitudinal  extent  of  the  reconstructions  varies  from  pass  to 
pass  depending  on  the  availability  of  data.  Fig.  18a  shows  the 
iow  electron  content  densities  of  a  winter  night,  with  a 
decreasing  gradient  towards  the  north.  Some  30  minutes  later 
(Fig  18b)  a  trough  minimum  around  60’N  can  be  seen  with  a 
shallow  gradient  in  peak  electron  density  and  a  much  steeper 
poleward  wall.  A  similar  structure  can  be  seen  about  one  hour 
later  in  Fig.ISc,  while  from  the  pass  commencing  0133  UT  the 
trough  minimum  is  near  58*N  (Fig.  18d).  This  cquatorwards 
motion  is  confirmed  on  the  next  two  pious  (Figs.  18c  and  I) 
with  the  trough  minimum  being  found  at  57‘N  latitude  for  the 
pass  starting  at  0410  UT.  A  blob-like  maximum  in  density  can 
be  seen  polewards  of  the  minimum  while  the  overall  levels  of 
electron  density  show  that  there  has  been  a  night-time 
enhancement.  A  dawn  build-up  in  density  from  the  south  with 
a  northwards  recession  of  the  trough  minimum  to  about  60’N 
can  be  seen  in  Fig.lSg  for  0703  UT.  By  0852  UT  (Fig.l8h) 
the  regular  latitudinal  gradient  of  the  daytime  ionosphere  can 
be  seen. 

Fig.  19  compares  the  peak  electron  density  estimated  from 
foF2  measurements  at  Slough  with  that  obtained  from  the 
tomographic  reconstructions  at  51.5‘N  throughout  the 
campaign  period.  In  general  agreement  is  good,  with  for 
example  the  enhancement  during  the  first  night  being 
confirmed.  Some  daytime  values  on  day  351  show  less  good 
agreement,  though  ii  should  be  noted  that  these  have  been 
qualified  and  should  be  treated  with  some  caution.  The  results 
indicate  that  the  scale  heights  assumed  for  the  initial 
conditions  were  reasonable.  With  such  agreement  at  one 
particular  latitude  it  appears  that  the  simple  tomographic 
technique  used  here  can  thus  yield  additional  information  on 
latitudinal  structure.  The  development  of  the  trough  illustrated 
in  Figs.  18a  to  h  conforms  to  well-established  understanding 
of  the  structure  and  motion  of  this  feature,  providing  evidence 
of  the  potential  usefulness  of  tomographic  techniques  to 
ionospheric  sensing. 

Much  work  requires  to  be  done  to  find  conditions  of  optimal 
geometry,  to  develop  appropriate  reconstruction  algorithms 
and  to  assess  the  limits  of  resolution  of  the  tomographic 
image.  Nevertheless  the  results  of  this  experimental  campaign 
are  sufficiently  encouraging  to  suggest  that  it  is  worth 
pursuing  the  development  of  ionospheric  tomography  as  a 
technique  for  the  remote  sensing  of  the  ionosphere 
propagation  environment. 
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DISCUSSION 


B.  REINISCH 

1.  The  heights  hJF2  in  the  trough  are  nigher  by  15%  to  40%  than  outside  the  trough.  How  will  this  effect  your  results? 

2.  Why  do  you  not  use  the  Slough  digisonde  profiles  or  at  least  hff2? 

3.  Which  Chapman  profile  did  you  use  for  the  F2  layer,  a  or  0? 

AUTHOR’S  REPLY 

1.  As  1  stated  the  height  of 325  km  was  arbitrarily  chosen  for  our  first  attempt  at  reconstruction.  As  yet  our  reconstruction 
method  is  relatively  unsophisticated  and  as  I  have  indicated  much  work  remains  to  be  done.  Thank  you  for  your  comment 
which  we  will  bear  in  mind. 

2.  Again  I  have  to  stress  that  the  results  are  a  ’1st  look'  and  even  with  this  rough  and  ready  approach  we  feel  that  the  results 
are  consistent  with  our  knowledge  of  trough  behavior.  Future  work  will  hopefully  refine  our  approach/approaches  to 
reconstruction. 

3.  I apologize ,  1  couldn't  answer  for  certain  which  Chapman  model  is  used  -  if  you  wish  l  can  find  out  for  you.  1  hope  you 
accept  that  what  we  have  presented  here  today  is  wry  much  the  start  of  our  investigations. 


K.  YEH  (Comment) 

The  problem  of  stability  of  the  reconstructed  image  and  its  dependence  on  the  initialization  is  of  course  very  important.  Some 
studies  in  this  regard  have  been  made  by  Russians.  They  show  the  non-unique  nature  of  the  reconstructed  image.  The 
difference  is  caused  by  the  missing  cone  problem  described  by  Raymond  (paper  13)  and  it  shows  up  in  the  reconstructed  images 
as  ' wings' . 


R.  BENSON 

Dr.  Beirose  commented  on  making  use  of  the  vast  amount  of old  data from  the  Alouelle/ISIS  program.  Dr.  Reinisch  commented 
on  the  need  for  real  time  ionospheric  information  rather  than  the  analysis  of  old  data.  I  would  like  to  add  that  great  use  has 
been  made  of  these  old  data  to  create  ionospheric  models  (such  as  the  International  Reference  Ionosphere,  Nov  1990,  Bilitza, 
National  Space  Science  Data  Center,  90-22,  Greenbelt,  MD,  20771).  Have  you  considered  using  one  of  these  models  rather 
than  a  Chapman  layer  as  an  input  to  your  method? 

AUTHOR’S  REPLY 

In  the  future,  as  I  indicated  at  the  end  of  my  talk,  we  will  be  looking  at  refinements  to  reconstruction  -  including  models  other 
than  Chapman  layer. 


C.  GOUTKLARD 

Les  rdsullals  que  vous  prfisentez  soul  (out  it  fail  imprcssionnanls  c!  jc  pense  que  c'csl  unc  mtSthode  Irfcs  promcllcuse 
mats  jc  me  po'c  unc  qucslion  sur  la  stability  dcs  solutions  que  vous  Irouvcz.  Avcz-vous  compare  les  rdsultats  que  vous 
obtenez  cn  partant  d  un  niodclc  initial  different  (hauteur  max.=325hni,  tactcur  d  eclicllc  40km)?  Existe-t-il  alors  dc 
grandcs  differences  entre  les  solutions? 

The  results  which  you  present  are  vciy  impressive  and  i  llunk  this  is  a  very  promising  method  but  I  wonder  about  the 
stability  of  the  solutions  wlucli  you  have  found  Have  you  compared  the  results  which  you  obtain  using  a  different 
initial  model  (max.  height  =325  km,  scale  factor  40  buff  Are  llieie  major  differences  between  the  solutions  in  this 
case 7 

AUTHOR’S  REPLY 

Thank  you  for  your  encouraging  comments.  I  must  sires  that  the  results  tve  are  presenting  are  our  fust  attempts  at 
reconstruction.  The  choice  of 325  bn  was  arbitrary  and  "e  hope  to  refine  our  technique  and  investigate  other  options  in  the 
future.  With  regard  to  stability  -  we  have  not  directly  adaressed  this  problem  ourselves  (Professor  K.  C.  Yeh  made  additional 
comments  regarding  stability  at  this  point). 


/-  - 
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Ionosphere  and  Troposphere  seen  through  a  Radio  Interferometer 


T.A.Th.Spoel$tra 
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1.  SUMMARY 

Expectations  of  the  conditions  in  the  propagation  environment  for  the 
electromagnetic  spectrum  arc  based  on  both  knowledge  of  the  long  term 
characteristics  and  the  actual  information  of  this  environment.  These 
expectations  concern  the  regular  behaviour  of  the  large  scale  strocturc  as 
wet!  as  any  kind  of  irregularity  reflected  in  relevant  physical 
parameters 

Rad.o  interferometric  measurements  arc  highly  sensitive  to  horizontal  and 
vertical  gradients  in  the  ionospheric  electron  distribution  and  in  the 
tropospheric  watcropour  distribution.  Very  Long  Baseline  Interferometry 
(VLBI)  is  also  sensitive  to  integrated  effects  along  the  line  of  sight. 
Provision  of  high  quality  information  about  the  charactcrisucs  of  the 
propagation  environment  is,  therefore,  inherent  to  this  technique.  The  way 
this  technique  is  generally  used  also  enables  the  determination  of  these 
characteristics  with  a  h.gh  time  resolution,  which  makes  it  useful  for  the 
study  of  irrcgulanucs  in  the  medium. 

The  paper  describes  the  possibilities  and  limitations  of  this  technique 
for  ionospheric  sensing  and  sensing  of  tropospheric  rcfractivity.  It  also 
compares  the  merits  of  this  technique  with  some  other  techniques  used  to 
derive  the  same  mformauon  Besides  some  typical  examples,  the  paper 
describes  the  requirements  for  data  handling  and  processing  techniques, 
while  in  3ddiuon  the  available  "tools"  arc  summarized 

2.  INTRODUCTION 

Radio  interferometric  observations  arc  affected  by  tropospheric  and 
ionospheric  refraction  At  radio  frequencies  below  about  6  GHz. 
tropospheric  refraction  is  basically  independent  of  frequency,  while 
ionospheric  refraction  vanes  in  inverse  proportion  to  the  observing 
frequency  squared.  The  effects  of  refraction  arc  visible  in  two  ways: 


most  arra>s  the  radio  frequency  v  is  converted  to  an  intermediate 
frequency  (IF)  v^p.  by  a  superheterodyne  process  using  a  common  local 


in 


The  time- variable  part  of  the  rcsjionsc  alter  correlation  is 

/?fv.r)  =  Svcxp(j2n{vxg- vjptjjl}  (1) 

where  S  is  proportional  to  the  source  power  The  usual  complex  notation 
has  been  used  for  the  response.  The  phase  of  the  response  is  equal  to  the 
phase  path  length  difference  between  the  two  radiation  pains. 

The  diurnal  mouon  of  an  extraterrestrial  radio  source  continuously  vanes 
the  geometric  delay  causing  the  response  to  have  a  quasi-smusoidal 
behavior,  so-called  fringes  Altcmativclv  the  fringes  can  be  described 
as  a  "beating"  of  the  two  signals  which  ac  Doppler  shifted  to  slightly 
different  frequencies  at  the  correlator  due  n  the  relative  motion  of  the 
two  elements  with  respect  to  the  source. 

For  observations  over  a  larger  frequency  bandwidth  Av  the  differential 
time  delay jAt  between  the  signals  at  the  correlator  point  must  be  smaller 
than  (A  v)'  to  insure  that  the  enure  bandwidth  adds  in  phase  Thus  the 
inserted  delay  is  usually  varied  to  compensate  for  the  change  t 
Assuming  accurate  delay  tracking  with  respect  to  an  angular  posili&i  r  , 
the  interferometer  response  becomes  (eg.  Ref  26)  ° 

R(v.r)  *  5vcxp  [j2n  ^ 8  r  ]  exp  [j2n  £  li  QJ  -  rj  ]  (2) 


osemator  oi  ircqucncy  v  ,  ociorc  transmitting  me  signals  to  me  cent 
point.  The  amc  delay  t_  is  usually  inserted  analogucly  or  digitally  i 
the  IF  line  to  compensate  for  the  geometric  time  delay  difference  t 
the  arrival  of  the  radiation  to  each  element  ® 


(1)  as  phase  errors,  which  arc  to  first  approximauon  (as  long  as  the 
ionosphere  is  ’coherent’  over  the  interferometer  baseline)  linearly 
proportional  to  the  baseline  length  in  meters; 

(2)  as  Faraday  rotauon  on  polarized  signals  travelling  trough  a  magneto* 
ionic  medium  (like  c  g,  the  ionosphere) 

The  fundamental  phenomenon  is  a  delay  error.  In  interferometry  it 
translates  into  fringe  rate  or  phase  errors.  Ionospheric  refraction  is  a 
significant  effect  for  connected  element  interferometry  at  frequencies  up 
to  about  2  GHz.  This  has  been  illustrated  by  Spoclstra  (Ref  20]  for  the 
Westerbork  Synthesis  Radio  Telescope  (WSRT)  Of  course  there  is  a  smooth 
transition  from  refraction  into  diffraction.  Diffiaclion  occurs  when  the 
angular  scale  of  ionospheric  irrcgulanucs  is  less  than  the  bcamwidth  of 
an  interferometer  element.  In  that  ease  ionospheric  irregularities  above 
the  different  interferometer  elements  may  be  uncorrctetcd  This  effect  is 
then  visible  in  the  observations  as  scintillations  in  interferometer  phase 
and/or  amplitude 

Although  often  the  observing  frequencies  used  in  Very  Long  Baseline 
Interferometry  (VLBI)  arc  higher  than  2  GHz,  tnc  long  baselines  involved 
impi  j  that  this  technique  is  also  scnsiuvc  to  ionospheric  effects  at 
these  high  frequencies. 


The  response  to  an  extended  source  I  (r  -  r  )  with  a  wide  bandwidth 
interferometer  having  a  frequency  characteristic  of  P(v)  and  a  primary 
power  pattern  G  (r  -  r  )  *  i  c.  the  product  of  the  voltage  pattern  of  each 
element  -  is  given  by  inlcgraling  (2)  over  r  and  v 

R  =  exp  [j2x  8  r  ]  || p(v)  C  (r  -  ?0) 

exp  [j2n  2. 8.  Cr  .  f  0)  ]  Sr  dv  (3) 

-  cxpjj2n^28  rjl'(8). 

For  simplicity,  the  angular  dependence  of  the  source  and  the  power  pattern 
arc  assumed  to  be  independent  of  frequency  and  normalized  at  r  .  The 
response  is  composed  of  two  pans*  the  fast  time  dependence  (fringes)  is 
equal  to  the  response  of  a  point  source  at  r  at  an  observing  frequency 
v  .  A  slower  varying  quantity  V(i}),  the  visibility  function,  desenbes  the 
amplitude  and  phase  offsets  of  the  fringes  (c  g  Ref  26)  In  genera),  the 
visibility  function  is  a  complicated  function  of  the  bandwidth,  emission 
extent,  and  baseline  geometry  T  he  visibility  function  is  closely  related 
to  the  spaual  mutual  coherence  function  used  in  coherence  theory  {c.g.: 

Ref  12). 


It  is  evident  that  interferometric  ’observables’  contain  information  about 
ionospheric  total  electron  content  and  us  variations  with  time  and 
geographical  coordinates 

3.  INTERFEROMETRY 

A  simple  two-element  interferometer,  the  building  block  of  all  arrays,  is 
shown  in  Fig  1.  Consider  a  monochromatic  signal  of  frequency  v  emanating 
from  a  point  source  wliosc  direction  is  given  by  r’  Two  elements  separated 
by  a  fixed  baseline  $  intercept  tlo  radiation,  two  samples  of  which  arc 
then  transported  without  loss  of  characteristics  to  a  common  point  where 
they  arc  correlated;  i  c ,  their  time  averaged  sum  or  product  is  taken  In 


4.  PROPAGATION  EFFECTS  IN  MEASURED  SIGNALS 
In  general,  the  interferometer  response  for  a  point  source  in  the 

direction  r  can  be  written  as 
o 

R(y.r>  =  Sv“p[j2x-°-fl  r  J  Cxp[j2*  iS  Cr  ■  r  )  ]  (2) 

or 

R(v?)  *  Xycxp  [j2k  8^  ('0]  «p[j2*8x  (r-x'0)]  (4) 


4  * 

* 

t 


1 


where fL  and  5 ^  is  die  interferometer  baseline  expressed  in  units  of 

wavelengths  X^  and  X,  which  correspond  with  v  and  v,  respectively.  As  the 
radio  wave  passes  through  a  refractive  medium,  this  medium  modifies  the 
propagation  path  and  the  phase  of  the  wave  The  wave  emerging  from  this 
medium  the  wave  has  a  correlator  response  of  the  form 

R(vs)  =  ll0cxp[j2nBxs]  (5) 

where 

W^A  A)j!o]  <® 

0 

Then  the  optical  phase  path  rcan  be  written  as 

r  =  jn(s.v)4r  (7) 

where  n(s  ,v)  is  the  refractive  index  of  the  medium.  The  integration  is 
performed  along  the  ray  path.  The  range  error  Ar  is 

Ar  =  jn(?.v)dr  -  (dro  = 

P  X 

(n(j,v).naj0+  ||n(?,v)di.|n(s.v)4t0j  (8) 

1  PI 


much  greater  (>  1000  tan),  one  should  also  lake  into  account  the  integrated 
total  effects  along  the  line  of  sight  of  each  of  the  interferometer 
elements  {Ref  22). 

4.1.  Ionosphere 

In  interferometric  observations  the  refraction  produces  errors  in  the 
interferometer  phase.  These  refraction  effects  arc  manifestations  of 
variations  of  the  ionospheric  electron  density  along  and  perpendicular  to 
the  line  of  sight  and  with  urnc.  The  variations  can  be  divided  into 
different  time  scales  and  spaual  dimensions* 

{ I J  the  ionosphere  as  a  whole,  variations  between  day  and  night,  with 
seasons  and  with  solar  activity 

(2)  time  scales  smaller  than  one  dry  but  larger  than  minutes, 
irregularities  in  die  electron  density  of  different  spatial  scales 
which  may  propagate  within  the  ionosphere  with  different  speeds  and 
directions  (travelling  ionospheric  disturbances.  TIDs,  and  acoustic- 
gravity  waves,  AGWs). 

Large  scale  TIDs  have  horizontal  speeds  of  300-1000  m/s,  periods 
ranging  from  05-3  hours  and  horizontal  wavelengths  exceeding  1000 
km  They  propagate  cquatorward  from  the  auroral  regions,  where  they 
arc  supposed  to  be  generated 

Medium  scale  TIDs  have  horizontal  phase  speeds  of  100-300  m/s, 
periods  from  about  10  minutes  to  about  1  hour  and  horizontal 
wavelengths  of  several  hundreds  of  km.  They  occur  more  frequently 
than  large  scale  TIDs  Their  ongin  is  unknown 


where  p  stands  for  integration  along  the  ray-path,  t  stands  for 
integration  along  a  straight  line,  ds  is  a  path  element  along  the  ray  and 
d*o  is  a  path  element  along  the  straight  line  (the  unperturbed  ray)  The 
term  bciwccgi  brackets  on  the  right  hand  side  of  (8)  is  proportional  to 
In(s  ,v)-l)  if  the  refractive  index  is  close  to  unity  everywhere  {Ref 
28,29)  This  condition  is  fulfilled  in  the  ionosphere  and  in  the 
troposphere 

As  is  clear  from  relations  (4)  -  (8),  refraction  causes  a  shift.  Ar  =  (r  - 
r  ) ,  of  the  apparent  positions  of  cxira-icrrcsina]  objects  on  the 
celestial  sphere.  This  shift  depends  on  the  geometry  of  the  refractive 
medium  and  on  the  variation  of  gas  or  electron  density  (i  c.  manifest  in 
the  variation  of  the  refractive  index)  along  the  line  of  sight  and 
perpendicular  to  it  (i  c  gradients  in  this  distribution)  [Ref  20.2 1) 

We  can  wnte  the  equation  (4)  as 

*(v.rj=  Svcxp[j?*#x^r0). 

[cos(2*#x.Ar)  +jsin(2n  V?)l  (9) 

When  a  poinl  source  is  observed  and  (he  asdometne  and  mstrumentai 
calibralion  has  been  performed  correedy,  ihc  real  part  of  equation  (9) 
expresses  the  amplitude  of  the  source.  The  imaginary  part  of  equation  (9) 
gives  die  phase  error  due  to  rcfracuon  effects  which  is  expressed  by 

d«  .  2n  Sx  nr  n«) 

Thus  die  position  error  causes  an  error  in  the  phase  difference  between 
signals  received  at  the  antennas  of  two  dements  of  an  interferometer 
(i  c.  an  error  in  interferometer  phase)  ho  at  a  relative  distance  of  B 
The  relation  between  position  errors  and  phase  errors  is  given  by  l$cf 
6,7] 

A0  =  2nB^  (in  cos  60cost0  +  A8sm  s0  *«n  l0)  (II) 

where  Ao  and  AS  are  the  errors  in  the  two  coordinates  right  ascension,  a, 
and  declination,  S,  rcspccuvcly,  t  s  the  hour  angle  (=  angular  distance 
from  the  meridian  of  the  source  •  w  est  is  postuve),  while  die  index  ’o’ 
indicates  the  ’true’  coordinates  (ic.  with  aas.-ncc  of  refraction).  These 
effects  arc  best  noticeable  for  point  sources,  since  the  wave  from  from  a 
celestial  potm  source  without  any  disturbing  effects  can  be  taken  as 
perfectly  flai  and  deviations  can  easily  be  delected, 

Since  in  the  ease  of  connected  element  radio  interferometry  one 
subtracts  the  phases  of  two  signals  that  propagate  along  almost  parallel 
rays  separated  by  a  small  distance  (e  g  a  few  km),  only  the  gradients  in 
die  gas  density  and  die  sphericity  of  the  atmosphere  will  play  a  role  In 
die  case  of  VLB!,  where  disianccs  between  the  interferometer  elements  arc 


Small  scale  TIDs  have  periods  of  several  minutes  and  wavelengths  of 
tens  of  kilometers.  They  arc.  therefore,  associated  with  ti<c 
acoustic  branch  of  the  AG  W  spectrum.  As  to  diem  origin  little  is 
known  as  for  medium  scale  TIDs 

|3J  small  scale  irregularities  probably  frozen  in  the  geomagnetic  field 
which  cause  scintillation  effects. 

In  pamcular  these  irregularities  cause  trouble  in  different  kinds  of 
applications  of  radio  communication  and  signal  detection. 

As  long  as  the  ionosphere  is  coherent  over  the  interferometer  baseline 
these  phase  errors  arc  to  first  approximauon  linearly  proportional  to 
baseline  lengdi  (see  equation  10).  This  is  in  general  die  case  for 
connected  element  imerferomeuy  with  baselines  up  to  a  few  km,  since  even 
medium  scale  TIDs  have  horizontal  wavelengths  of  about  100-200  km.  Small 
scale  irregularities  with  sizes  in  the  cast-west  duocuon  down  to  a  few 
hundred  metets  may  give  rise  to  phase  and/or  amplitude  scintillations 
Whether  these  scintillations  degrade  the  observations  depends  of  course  on 
die  integration  time  used  and  on  Ihc  primary  beam  of  the  elements  of  the 
interferometer  array  If  phase  scintillations  occur  within  one  integration 
time  the  interferometer  amplitude  is  distorted  due  to  decorrelation  within 
the  receiver. 


Since  Ihc  presence  of  die  geomagnetic  field  makes  the  ionospheric  plasma  a 
doubly  rcfraclivc  medium,  d  will  support  two  orthogonal  circularly 
polarized  waves  travelling  with  sbghdy  different  phase  velocities  The 
ionosphere  affects  the  stale  of  polarization  in  the  sense  that  Ihc 
polarization  ellipse  is  rotated  This  is  Faraday  ngauon,  which  also 
V3ncs  in  inverse  proportion  to  the  square  of  Ihc  observing  frequency. 
Faraday  rotation  docs  not  depolarize  an  arbitrary  ray,  hut  can  be  seen  in 
die  interferometric  amplifies 

0)  the  polarization  characteristics  arc  expressed  in  Stokes  parameters, 
which  have  the  dimension  of  intensity, 

(n)  when  meg  VLBI  due  to  the  inhomogcncilics  in  Ihc  ionosphere  and 
its  geometry,  differentia!  Faraday  rotation  causes  different 
responses  for  the  different  interferometer  elements. 


Both  ionospheric  refraction  and  Faraday  rolauon  depend  on  the  columnar 
electron  density  along  the  line  of  sight  At  mid-latitudes  the  plasma 
ftequency  f  <  IS  MHz,  dtCjClcctron  gyro  frequency  f  «  1.4  MHz  and  the 
collision  frequency  vc  <  10  s  Hence  the  rcfroctivc^ndcx  for  quasi- 
parallel  propagauon  can  be  approximated  by 


n 


2 

ion 


_ X' _ 

I  ±  Y  cos  ic 


(12) 
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where  k  is  the  angle  between  the  geomagnetic  field  and  the  wave  vector  of 
the  signal. 


X  =  -£  and  Y  =  -& 
2  » 


03) 


with 


ell 

and  e>  =  — 
8  «*_ 


(H) 


where  c  is  the  electron  charge,  m  is  the  electron  mass,  II  is  the 
magnitude  of  the  geomagnetic  fi5d,  N  is  the  electron  density  and  cq  is 
the  vacuum  permeability 


The  interferometric  phase  error  at  baseline  B  (in  m)  due  to  ionospheric 
irregularities  (c.g.  TIDs)  is  a  complicated  function  of  the  ionospheric 
electron  density  (Ref  20,21  J  and  may  be  approximated  for  some  applications 
by  (Ref  14) 

44  =  8-14  t  IO'8-i-£-iL.  f  N(s)ds  (15) 

V  cos  z  /s 

where  k  is  the  wavenumber  of  the  density  wave,  v  is  the  observing 
frequency  (in  Hz),  p  »s  the  fraction  of  the  total  electron  content 
involved  in  the  density  waves,  N  the  electron  density  (in  m  )  as  a 
function  of  position  s  along  the  line  of  sight,  while  the  zenith  angle  z 
is  related  to  other  parameters  by 

cos  z  =  sin  5  sin  (v  +  cos  5  cos  P  cos  t  (16) 


hours  before  to  6  hours  after  meridian  transit  or  ova  some  fraction  of 
this  range.  The  array  beam  is  continuously  steered  by  proper  phasing  of 
the  elements  This  is  done  with  very  high  precision:  the  positional 
accuracy  in  the  sky  is  better  than  07 1 ,  corresponding  with  a  phase 
accuracy  better  than  1  mm.  This  precision  is  reached  by  the  application  of 
a  number  of  corrections,  both  for  astrometric  effects  and  for  known 
instrumental  errors  (Ref  21,27  and  references  therein] 

Point  sources  are  observed  quite  frequently  for  checking  and  calibrating 
the  instrument.  The  standard  integration  time  for  these  observations  is  ! 
minute.  For  point  sources,  we  know  that  the  incident  wavefront  should  be 
perfectly  flat:  any  deviation  must  be  the  result  of  propagation  effects 
giving  rise  to  (also  differential)  path  length  errors  (c.g.  Ref  13,20,21] 

These  deviations  arc  visible  as  phase  errors,  A$,  which  arc  to  first  order 
proportional  to  the  baseline  between  two  interferometer  elements  (equation 
(10)).  Since  the  WSRT  is  mainly  sensitive  for  cast* west  gradients  in  the 
ionospheric  total  electron  content,  A$  •«  d/dl(TEC)  (Ref  20,21). 

An  example  of  a  WSRT  registration  giving  the  variation  interferometer  of 
amplitude  and  of  A$  as  a  function  of  time  is  given  in  Fig  2.  We  know  that 
we  are  dealing  with  ionospheric  refraction  effects  since  the  errors 
correspond  with  the  calculated  values  and  the  frequency  dependence  of 
errors  corresponds  with  what  is  expected  for  ionospheric  effects  (Ref 
20,24].  The  fluctuations  in  Fig  2  in  A$  have  different  time  scales,  (a)  a 
large  scale  slowly  varying  ’baseline’  is  caused  by  the  slowly  vaying 
component  of  TEC  (Ref  20];  [b]  before  about  16.30  UT  manifestations  of 
medium  scale  travelling  ionospheric  disturbances.  MSTIDs,  arc  seen,  (c) 
after  about  19.0*'  UT  the  observation  is  affected  by  ionospheric 
scintillation.  Fig  3  illustrates  the  baseline  dependence  of  ionospheric 
phase  errors,  while  it  also  shows  that  the  interferometer  amplitude  is  not 
affected  unless  the  phase  rales  arc  loo  high  (i  c.  around  n  radians  per 
integration  period). 


where  p  is  the  geographic  latitude  (Ref  10].  When  we  use  S  I.  units  the 
Faraday  rotation  y  can  lie  written  as 

v  =  236*  104v'2J  N(s)//cos0ds  (17) 

where  //  is  the  strength  of  the  geomagnetic  field  (Wb  m  ’*)  and  0  the  angle 
between  the  ray  and  the  geomagnetic  field  (in  radians*  Then 

~  a  3.2  x  10*9v  B  (18) 

V 
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If  a  typical  density  wavelength  is  100Km,p»  5%,//  =  05  x  10  Wbm  , 
0  a  0, 7  =  n/4.  This  indicates  that  at  all  frequencies 

v>3xI0V’mH7.  (19) 

the  interferometer  phase  is  more  sensitive  to  ionospheric  irregularities 
than  Faraday  rotation  (Ref  23]  This  is  illustrated  in  section  4.1.1 

4.1.1.  Applications 

Connected  element  interferometry  is  sensitive  for  ionospheric  effects  for 
frequencies  below  typically  about  1  GHz.  Due  to  the  long  baselines 
involved  VLB  I  observations  may  be  affected  by  ionospheric  effects  at 
higher  frequencies  as  well. 


Fig  4  illustrates  the  relative  sensitivity  of  interferometer  phase  and 
ionospheric  Faraday  rotation  for  ionospheric  irregularities  an 
observation  of  3C286  at  608  5  MHz  and  for  a  baseline  of  2.7  km.  At  this 
frequency  and  resolution  3C2S6  is  a  point  source.  This  source  is  2,4% 
polarized  at  this  frequency  Fig  4  gives  a  comparison  between 
interferometer  phase  $  and  Faraday  rotation  y  as  a  function  of  umc.  In 
this  ease  $  and  y  have  not  been  corrected  for  ionospheric  effects.  The 
instrumental  noise  of  the  interferometer  phase,  is  0.*  14,  and  of 
polarization  angle,  y.  it  is  4  *2.  Fig  4  illustrates  that  the 
interferometer  phase  is  indeed  more  sensitive  to  ionospheric 
irrcgulamics  than  Faraday  rotation  According  to  equation  (18)  A$/y  - 
5.3. 

-  TID  parameters  and  climatology:  The  sensitivity  of  interferometer  phase 
for  irrcgulamics  in  the  ionospheric  electron  density  implies  that  an 
analysis  of  interferometer  phase  may  provide  direct  information  about 
irregularities  in  the  refractive  medium,  i  c  the  ionosphere.  This 
analysis  may  result  in  a  climatology  of  different  “classes'*  of  ionospheric 
irregulantics,  their  frequency  of  occurrence  and  "strength"  (c  g.  Ref 
18,23,281.  This  climatology  will  provide  information  abou.  the  occurrence 
of  these  irregulantics  as  a  function  of  lime  within  the  day,  of  day,  as  a 
function  of  season,  of  solar  activity  (Spoclstra.  in  preparation).  In 
particular  for  predictive  estimates  for  communication  quality  in  the  HF 
range  this  information  may  be  important 


We  note  that  interferometer  phase  is  very  sensitive  for  irregulantics  in 
the  ionospheric  electron  density.  This  implies  that  an  analysis  of 
interferometer  phase  may  provide  direct  information  about  irregularities 
in  the  refractive  medium,  i.c,  the  ionosphere. 

Observations  with  the  Westerbork  Synthesis  Radio  Telescope,  WSRT,  have 
been  used  to  probe  the  refractive  medium. 

The  WSRT  is  located  at  6*6  E,  52.*9  N  The  WSRT  is  a  radio  interferometer 
array  desenbed  in  detail  elsewhere  (Ref  3,5,8,9,151.  The  instrument 
consists  of  14  steerable  paraboloids  with  diameters  of  25m  each,  which  arc 
situated  along  an  east-west  baseline  with  a  deviation  of  172  (1 071)  from 
a  perfect  east-west  baseline  (Bregman,  1983*  private  communication)  The 
maximum  baseline  between  two  telescopes  is  2.7  km.  Ten  telescopes  occupy 
fixed  positions  at  144m  intervals.  Four  additional  moveable  paraboloids 
arc  combined  with  these  fixed  to  form  interferometer' pairs.  The  tack  end 
of  each  of  these  consists  of  a  correlator  system  which  measures  the  four 
complex  correlation  components  necessary  to  characterize  the  polarization 
state  of  the  radiauor  The  mam  wavelength  bands  arc  6, 21 , 49  and  92  cm 

A  radio  source  is  observed  by  tracking  it  in  us  diurnal  rotation  from  6 


Kcldcr  and  Spoclstra  (Ref  18,19]  analyzed  variations  of  interferometer 
phase  in  WSRT  observations  in  terms  of  us  amplitude  (A  -  in  degrees 
phase)  and  apparent  period  of  each  irregularity  as  a  function  of  umc  for 
the  longest  baseline  (2.7  km)  for  observations  at  608.5  MHz  during  the 
first  three  months  of  1982  and  1983.  Fig  5  shows  A  as  a  funcuon  of  time 
(0  -  24  hours  UT)  for  the  first  three  months  of  1983.  The  data  in  Fig  5 
show  a  strikingly  systemauc  pattern  for  the  amplitudes  of  TID 
manifestations:  a  peak  being  reached  around  noon,  with  a  secondary  peak 
around  midnight.  This  behaviour  is  typical  for  winter  observations  as  has 
been  shown  in  more  comprehensive  studies  (Ref  »S,.\28]. 

The  apparent  period  vanes  typically  from  a  few  minutes  (during  the  night) 
to  15-20  minutes  during  daytime.  It  is  also  found  that  the  amplitudes  of 
the  phase  variations  are  up  to  about  a  factor  of  2  larger  for  the  very 
fast  irregulantics  than  for  die  slower  ones.  Furthermore,  within  3  hours 
around  noon  more  than  90%  of  the  time  TIDs  arc  observed  dunng  the  winter 
months  of  1982  and  1983,  on  other  moments  this  is  about  40% 

It  has  been  observed  in  WSRT  observations  that  the  TiD  parameters  depend 
on  the  season  (Ref  28]  Furthermore,  die  amplitudes  as  presented  in  Fig  5 
show  dependence  on  solar  activity  as  well  (Ref  19]  Knowledge  of 
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parameters  of  ionospheric  irregularities  and  their  climatology  is,  when 
adequately  available,  valuable  for  predictive  estimates  for  communication 
quality  in  the  HF  range.  Radio  interferometry  is  one  of  the  tools  to 
provide  this  information. 

This  application  proved  to  be  also  valuable  for  critical  studies  of 
possible  excitations  mechanisms  for  ionospheric  irregularities  [Ref  28). 

In  addition,  by  using  this  method  we  were  able  to  trace  effects  of 
atmospheric  tides  in  the  ionosphere  [Ref  19). 

An  additional  study  of  ionospheric  irregularities  can  be  performed  with  a 
VLSI  network.  Since  the  individual  interferometer  elements  arc  generally  a 
few  hundred  to  a  few  thousand  kilometer  apart,  the  analysis  may  provide 
information  on  the  spatial  coherence  scales  of  these  irregularities 


^  approximately  equal  to  K  and  the  compressibility  factors  Z,  and  Z 
are  approximately  1.  Hence  (20j  and  (21)  can  be  approximated  by  (kef  1  if* 

nmo=l  + ‘O'6  [77.6-+ 3.78x10s—  1  (22) 

irop  1  T  12l 

where  p  and  p  are  expressed  in  millibars  The  first  term  within  brackets 
in  (22)  is  mueff larger  than  the  second  term  Substitution  of  the  realistic 
ground^alucs  p  =  1000  mbar  and  T  =  290  K  yields  an  upper  bound  of 
2  7x  10  for  m  the  troposphere. 

The  phase  error  due  to  tropospheric  refraction  and  allowing  for  the 
earth’s  sphericity,  can  be  written  as 


-  mapping  TID  motion :  In  radio  astronomy  an  arbitrary  observation  with  an 
interferometer  provides  a  field  of  view  comparable  to  the  angular  extent 

of  the  beam  of  an  interferometer  element  in  which  a  number  of  sources  show 
up  (Fig  6).  Then  for  each  of  the  individual  point  sources  the  phase  errors 
can  be  determined  as  a  function  of  time  in  principle.  Since  phase  errors 
arc  equivalent  to  position  errors,  an  analysis  of  those  errors  for  such 
sources  will  provide  direct  information  on  the  propagation  direction  and 
speed  of  ionospheric  irregularities.  Since  in  connected  element 
interferometry  the  extent  of  the  field  of  view  is  often  of  the  order  of  a 
degree  at  frequencies  below  1  GHz,  this  type  of  instrument  is  particularly 
useful  for  this  kind  of  investigation.  This  information  can  also  be 
derived  from  a  correlation  of  interferometer  data  with  differential 
Doppler  measurements  of  radio  signals  from  satellites  of  the  Navy 
Navigation  Satellite  System,  NNSS  [Ref  19:  Spoclstra,  in  preparation) 

Fig  7  gives  the  calculated  azimuth  and  speed  of  propagation  of  medium 
scale  TIDs  observed  with  both  the  WSRT  and  by  differential  Doppler 
measurements  of  NNSS  signals  (for  an  assumed  altitude  of  400  km).  A 
histogram  of  the  computed  distances  between  TID  ndges  is  given  in  Fig  8. 
These  results  indicate  that  for  these  observations  most  of  the  medium 
scale  TIDs  which  have  been  analyzed  propagate  roughly  north  >south,  with  a 
deviation  of  about  10*  to  the  west  [Ref  19;  Spoclstra.  in  preparation). 

-  computerized  tomography :  Radio  interferometers  are  often  constructed  as 
a  senes  of  antennas  at  regular  intervals  along  3  straight  baseline  In 
principle  this  con tniction  enables  the  application  of  the  computerized 
tomography  method  to  study  the  vertical  structure  of  the  ionosphere.  This 
method  has  been  applied  successfully  by  c  g  Austin  et  al  [Ref  21, 

Andreeva  et  al.  [Ref  1),  Raymund  etal  [Ref  16).  Observations  with  the 
WSRT  consisting  of  14  telescopes  at  regular  distances  of  36  m  to  3  km  may 
be  used  for  computerized  tomography  for  a  belter  investigation  of  the 
vertical  structure  of  the  ionosphere.  A  preparatory  study  on  this  subject 
has  been  started 


4.2.  Troposphere 

In  radio  interferometry  the  dominant  contribution  to  the  tropospheric 
refraction  error  usually  stems  from  the  gradient  in  the  water  vapour 
content  [Ref  17),  which  may  be  caused  by  c  g  tropospheric  turbulence, 
waves  or  clouds  Such  water  vapour  content  vanations  arc  of  the  order  of 
several  tenths  of  percents.  leading  to  errors  of  the  order  of  mm.  It  turns 
out  that  the  error  due  to  tropospheric  refraction  becomes  negligibly  small 
in  comparison  with  that  due  tc  ionospheric  refraction  at  frequencies  below 
I  GHz 


The  refractive  index  in  the  troposphere,  is  given  by  [Ref  4) 


n, 


lrrns,  +  ,0‘6fK|  — 
irep  l  l2<jT 


•K  — ♦K.-HiU 

ZWT  Z  T2 


(20) 


where  is  the  partial  pressure  of  the  d ry  gases  in  the  atmosphere,  p 
the  partial  pressure  of  water  vapour  and  T  the  temperature.  Z  and  Zw  arc 
the  compressibility  factors  for  dry  air  and  water  vapour,  respectively1* 

The  p/T  dependence  in  (20)  stems  from  the  fact  that  refraction  is 
proportional  va  the  density  of  the  refracting  gas  molecules  The 
additional  T'*  in  the  third  term  of  the  right  hand  side  of  (20)  is  due  to 
the  dipole  character  of  water  molecules  The  coefficients  K  have  been 
determined  empirically,  Thayer  {Ref  25J  gave  the  following  best  estimates 


K,  a 77 60 ±0014  (K/mbar) 

64.8  ±008  (K/mbV  (21) 

K3  =  (3.77610  004)  X  10s  (K2/mba) 


66  =  2K^8^(ntrop-l)  cos  6  sin  1  I- 


( cos  2z  +  H’)0-5 


(23) 


where 


where  r  is  the  radius  of  the  earth,  R  is  the  radius  of  the  troposphere,  R 
*  r  +  H,  with  H  is  the  equivalent  thickness  of  the  troposphere  (Ref  6,7) 

Hamakcr  [Ref  13)  analyzing  WSRT  observations  noted  that  in  a  number  of 
eases  the  observed  interferometer  phase  phenomena  arc  correlated  with 
meteorological  data.  This  is  illustrated  in  Fig  9,  in  which  we  represent 
rain  showers  manifesting  themselves  as  variations  of  as  a  function  of 
baseline  with  lime.  It  is  clear  that  the  tropospheric  conditions  affect 
both  interferometer  amplitude  via  system  temperature  (tropospheric 
emission/absorption)  and  phase  (tropospheric  refraction) 

4.2.1.  Applications 

Radio  interferometry  can  be  used  for  tropospheric  studies  m  a  similar  way 
as  we  described  for  the  ionosphere.  In  particular  computerized  tomography 
may  be  promising.  This  investigation  can  be  performed  for  connected 
element  interferometry  at  frequencies  higher  than  about  2  GHz  since  at 
these  frequencies  the  ionospheric  effects  do  not  play  a  role  In  addition 
as  is  clear  from  Fig  9,  interferometry  can  be  used  to  investigate 
tropospheric  cmission/absorpuon  effects  Or  in  oilier  words:  one  is  able 
to  investigate  tropospheric  damping  of  the  radio  signals.  On  the  other 
hand,  cloud  parameters  can  be  investigated  as  well  However,  In  some 
applications  a  problem  may  be  that  at  frequencies  >2  GHz  therc  arc  fewer 
sources  per  observed  field 

5.  DATABASE,  DATA  HANDLING  AND  REDUCTION  TOOLS 
Radio  interferometry  is  used  on  a  regular  basis  at  a  number  of  radio 
astronomy  observatories. 

One  of  these  institutions  is  the  Netherlands  Foundation  for  Research  in 
Astronomy,  NFRA,  in  Dwingeloo,  the  Netherlands.  A*  us  Dwingeloo  Radio 
Observatory  in  the  Netherlands  all  observations  done  with  the  WSRT  have 
been  archived  and  catalogued  with  great  care  since  it  started  operations 
in  1970  The  total  relevant  WSRT-databasc  contains  at  present  in  the  order 
of  about  100  Gbytes  of  data  These  data  arc  directly  accessible  for 
further  research  A  similar  archiving  policy  is  much  less  developed 
elsewhere  And  since  the  WSRT  is  in  operation  for  more  than  20  years,  this 
database  enables  research  for  a  better  understanding  of  the  ionospheric 
electron  distribution  and  irregularities  therein  for  a  period  of  more  than 
20  years  (1  e.  more  than  2  solar  cycles) 

A  limitation  in  the  use  of  radio  interferometry  tor  sensing  the  ref.  active 
medium  is  that  dedicated  software  should  be  available  for  data  handling. 
However,  this  software  is  freely  available  at  the  parent  insututes 
responsible  for  the  operations  of  the  radio  interferometer.  The  software 
contains  options  as  cleaning  the  measurements  of  contributions  from 
unwanted  sources,  facilities  to  calibrate  for  astrometric  and  a  vanety  of 
instrumental  effects,  a  variety  of  display  facilities  (in  particular  as 
c  g  used  for  Fig  2  -  4  anti  6  in  the  present  paper),  spectral  analysis 
tools  for  different  cross-sections  through  the  data  cube  of  an 
observation,  imaging  tools  With  these  facilities  and  rook  available, 
radio  interferometry  turns  out  to  be  a  powerful  tool  for  ionospheric  ard 
tropospheric  research  [c  g  Ref  28) 

6.  CONCLUDING  REMARKS 

Radio  interferometry  has  proven  to  provide  a  powerful  tool  to  sense  the 
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refractive  medium,  in  particular  to  investigate  irregularities  in  this 
medium  The  sensitivity  for  ionospheric  effects  in  different  aspects  of 
radio  communication  and  signal  detection  depends  on  the  kind  of 
application  selected  and  the  analysis  of  the  data.  The  large  scale 
characteristics  cannot  be  studied  very  well  since  interferometry  is 
primarily  sensitive  for  differential  effects  along  the  lme  of  sight  from 
the  telescope  pairs. 

The  measurements  support  research  of  the  characteristics  of  the 
irregularities  in  the  medium,  1  e.  in  the  electron  density  in  the 
ionosphere  and  distribution  of  water  vapour  and  dcnsityAcmpcrature 
variations  in  the  troposphere.  The  results  of  the  investigations  of  the 
ionosphere  may  provide  useful  information  to  add  to  predictive  models,  to 
study  excitation  mechanisms  for  irregularities  in  the  electron  density. 
Relevant  projects  may  be  the  preparation  of  a  climatology  of 
characteristics  of  ionospheric  and  troposphcnc  irregularities, 
computerized  tomographic  studies  to  analyze  the  vertical  structure  of  die 
irregularities  of  interest  and  for  the  ionosphere  to  study  position  errors 
within  images  to  determine  propagation  characteristics  of  the 
irregularities 

The  WSRT  database  is  probably  the  only  database  in  the  world  w  hich 
contains  useful  relevant  interferometer  data  over  a  period  of  more  than 
two  solar  cycles 
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Fig  1 .  Schematic  diagram  ol  a  simple  two  element  interferometer 


Fig  2  Ionospheric  elfects  observed  with  the  Westerbork  Synthesis 
Radio  Telescope,  WSRT  The  upper  trame  shows 
interferometer  amplitude  and  the  lower  tram  the  phase 
enors  The  interferometer  baseline  is  2  7  km  The 
ionospheric  elfects  are  only  seen  in  interferometer  phase 
This  registration  shows  slowly  varying  waves  duiing  the 
first  1  5  hours  (medium  scale  TIDs)  and  rapid  vanations 
(phase  scintillation)  during  the  last  2  5  hours,  both 
superimposed  on  a  slowly  varying  background  (which  is  duo 
to  the  daily  variation  ot  the  electron  content) 
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Fig  3  WSRT  observation  ol  3C380  at  14  May  1980  from  3h05m30s  to  5h29m20s  U  T  at  a  frequency  ol  608  5  MHz 
Frame  A  shows  the  amplitude  and  B  the  interferometer  phase  dillerences  as  a  (unction  ol  baseline  Tho  grey 
levels  indicate  deviations  (rent  the  average  value  per  baselmo  The  deviations  ot  the  amplitude  are  In  %  ol 
the  mean  amplitude  white  « -8%,  black  « +10%  The  deviations  ol  the  phase  are  in  degrees  white--30'0, 
black  i  +40°0.  Tho  pattern  at  tho  shortest  baseline  is  due  to  solar  interference 
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Ftg  4  Vanatrans  ot  phase,  «,  at  2  7  km  baseline  and  polarization 

angle,  v.  lor  radio  source  3C286  observed  on  January  16, 1982, 
with  the  Westerbork  Synthesis  Radio  Telescope,  WSRT  Nolo 
the  different  scales  lor  the  phase  and  tor  the  polarization 
angles.  Tho  thick  dots  in  the  plot  ot  the  polarization 
angles  show  the  Faraday  rotation  calculated  on  tho  basis  ol 
observed  loF2  values,  which  represent  the  critical 
frequencies  for  the  F2-layer 
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Fig  9.  Same  as  Fig  3.  bul  tor  an  observation  of  radio  source  3C48  al  4995.0  MHz  at  28  May  1981  from  2h22m37s 
to  4h52m27s  U.T.  The  deviations  of  the  ampStude  are  in  %  ol  the  mean  amplitude:  white  .  -4%,  black  - 
+5%  The  deviations  of  the  phase  are  in  degrees,  white  *  -40.'0.  black  •  +50.-0. 


DISCUSSION 
E.  SCHWCICHER 

Do  you  change  your  intermediate  fre  juency  fm  your  interferometer)  when  you  change  the  wavelength  you  are  looking  for? 

ARMOR’S  REPLY 

No.  When  we  change  frequency  wc  change  the  front  etui  receivers. 

\V.  BOERNER 

Are  you  working  with  faced  polarization  o  ■  adaptively? 

AUTHOR'S  REPLY 

We  measure  all  of  the  four  Stokes  parameters. 

K.  YEH 

1.  You  referred  if  e  technique  of  obtaining  ionospheric  structures  from  interferometers  as  tomographic  technique.  The  real 
tomography  is  of  course  rooted  in  the  back  projection  theorem.  It  seems  to  me  vou  do  not  make  use  of  this  theorem. 

2.  You  compared  the  relative  sensitivity  of  observing  TIDs  by  Faraday  rotation  and  interferometric  phase  In  practice  these 
two  techniques  observe  different  TIDs  as  del  nstraled  in  many  world  campaigns.  It  seems  the  interferometer  phase  is  sensitive 
to  gradients  and  hence  more  sensitive  to  small  wavelength  TIDs  while  the  Faraday  rotation  is  sensitive  to  large  amplitude  TIDs. 
Do  you  think  that  it  is  the  right  explanation? 

AUTHOR’S  REEL 

I.  Perhaps  my  e\  lunation  was  not  clear  enough.  I  made  a  distinction  between  (a)  mapping  ionospheric  structures  within 
the  fell  of  view  by  analysis  of  phase  errors  for  discrete  sources  within  this  field  (e.g.  Fig.  6)  and  (b)  the  computerized 
tomographic  method  which  is  indeed  rooted  in  the  back  projection  theorem.  Mapping  ionospheric  structures  (a)  is  of  course 
not  computerized  tomography. 

2  Yes.  The  interferometer  phase  is  indeed  highly  sc  hive  to  horizontal  and  vertical  gradients  in  the  tonosphe.  ic  electron 
content.  As  I  have  shown,  the  relative  sensavaty  of  observing  TIDs  by  Faraday  rotation  and  interferometer  phase  is  directly 
related  to  the  ob~..  mv  y  as  the  interferometer  baseline.  In  the  case  of  the  WSRT  both  techniques  are  equally  sensitise 

a'  about  100  MItz.  lhe  dependence  on  observing  frequency  and  interferometer  baseline  is,  as  far  <w  I  see,  the  natural 
explanation  of  the  aifference  you  describe. 
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SUMMARY 

One-dimensional  interferometric  radar  systems  with  re¬ 
ceiver  baselines  directed  in  magnetic  north-south  and 
east-west  directions  have  been  used  to  study  the 
anisotropy  and  inhomogeneity  characteristics  of  iono¬ 
spheric  irregularities.  In  equatorial  electrojet  aspect  sen¬ 
sitivity  measurements  conducted  at  Jicamarca,  angular 
spectrum  widths  as  small  as  ~  0.05“  have  been  resolved. 
The  cross-held  structures  and  dynamics  of  clectrojet  ir¬ 
regularities  have  been  investigated  using  an  interferomet¬ 
ric  imaging  technique. 

1.  INTRODUCTION 

In  this  paper  we  review  recent  developments  in  radar  in¬ 
terferometric  probing  of  ionospheric  plasma  irregularities 
at  the  Jicamarca  Radio  Observatory  near  Lima,  Per-.. 
The  50  MHz  Jicamarca  radar  system  is  highly  modular 
and  and  has  been  used  extensively  in  recent  years  for 
interferometric  studies  of  ionospheric  plasma  irregulari¬ 
ties.  Radar  interferometry  was  first  used  at  Jicamarca 
by  Woodman  [1971]  to  measure  the  inclination  of  the 
geomagnetic  field  above  the  observatory.  Farley  et  of. 
[1981]  extended  the  technique  by  introducing  Doppler 
sorting  in  t  e  first  interferometric  investigations  of  the 
equatorial  elcctrojct  irregularities.  Since  then  radar  in¬ 
terferometry  technique  has  been  used  successfully  at  Ji¬ 
camarca  as  well  as  mid-  and  high-latitudes  to  study  a  va¬ 
riety  of  ionospheric  plasm*  irregularity  phenomena  [e.g., 
Kudeki  et  al.,  1981;  ProvidokcM  et  al.,  1983;  Higgin  et 
al.,  1986;  Kudeki  el  at.,  1987],  Recently,  the  technique 
has  also  been  used  for  measuring  atmospheric  wind  ve¬ 
locities  with  M3T  (Mesophcre  Stratosphere  Troposphere) 
and  ST  (Stratosphere  Troposphere)  radars  [e.g.,  Kudeki 
ct  al ,  1990;  Larsen  el  cri,  153G,  Vtm  oueren  et  al.,  1991]. 

Jr  this  review  we  shall  focus  on  recent  multiple-receiver 
ionospheric  interferometry  experiments  conducted  at  Ji- 
ramarca.  Due  to  the  field  aligned  nature  of  iono¬ 
spheric  irregularities  [e.g.  Fejer  and  Kelley,  1980] 
only  onc-dimensionai  interferometry  measurements  with 
north-south  or  east-west  aligned  receiver  pair  baselines 
arc  sufficient  to  study  the  anisotropy  or  inhomogenc- 
'  y  characteristics  of  the  scattering  Regularities  sep¬ 
arately.  Minimum-'edundancy  antenna  spacings  (e.g., 
Moffct,  1368]  provide  the  longest  sequences  of  antenna 
pair  baselines  in  one-dimensional  multiple-receiver  con¬ 
figurations.  In  the  anisotropy  and  inhomogencity  exper¬ 
iments  to  be  reviewed  here  [K  and  Farley,  1989; 
Kudeki  and  Surxicu,  1991]  four- receiver  configurations 
with  non-redundant  spacing  of  1-3-2  were  employed. 
Both  the  anisotropy  and  inhomogencity  measurements 
obtained  with  north-south  and  east-west  baseline  systems 
can  be  viewed  as  one-diinensio.:  v!  brightness  spectrum 


Figure  1:  The  co-ordinate  system  used  in  the  derivation  of 
the  brightness  spectrum. 


measurements.  In  Section  2  we  >‘".-,ss  the  concept  of 
the  brightness  spectrum  and  its  relation  to  receiver  pair 
cross-spcctra  measured  in  interferometry  experiments.  In 
Section  3  and  4,  we  discuss  the  procedures  used  in  esti¬ 
mating  the  north-south  and  east-west  brightness  distri¬ 
butions  of  ionospheric  targets  and  present  sample  results 
obtained  m  Jicamarca  experiments. 

2.  BRIGHTNESS  SPECTRUM 

Consider  the  cross-correlation  function 

R(r,aJ]t,zc)  =<  s(f,x<,)a'(<  +  r,x0  +  arx  +  /?y)  >  (1) 

of  coherently  detected  signals  s(f,x0)  and  s(f,x0  +  ox  + 
fly)  obtained  with  two  radar  receivers  (sensors)  located 
at  positions  z0  and  x«  +  ai  +  fly  with  respect  to  the 
radar  transmitter  located  at  O  (sec  Figure  1).  In  (1),  x 
and  y  are  orthogonal  unit  vectors,  and  the  position  vector 
magnitudes  arc  measured  in  units  of  radar  carrier  wave¬ 
length  A0  =  <-//„,  where  c  is  the  speed  of  light,  and  f0 
is  the  carrier  frequency.  Assuming  a  pulsed  modulation 
of  the  transmitted  carrier  with  some  inter-pulse  period  T 
and  the  quasi-stationarity  of  the  scattering  irregularities, 
the  cross-correlation  function  (1)  should  be  periodic  in  t 
with  a  period  T,  with  each  value  of  i  labeling  some  radar 
range  r  =  cf/2.  Focusing  our  attention  on  radar  returns 
from  some  fixed  range  rc  in  the  far  field,  and  assuming 
the  quasi-homogeneity  cf  the  return  signals  we  drop  the 
labels  (  and  x0,  and  express  the  cross-correlation  function 
ll(r,  o,0)  as  the  hrec  dimensional  Fourier  transform  of 


t 
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z  brightness  spectrum  B(f,  9Xj97)  via. 

R(r,  =.0)  =  J  if  c”*"  l '(f.  *•?)<  (2) 

where 

V(f,o,0)~  j  J  dS,d$sc-*wt-°c-’-r*’sB(fl8„es) 

(3) 

is  to  be  referred  to  as  the  risibility  spectrum.  In  (3),  6, 
and  6.j  are  the  direction  cosines  with  respect  to  i  and  y 
[e.g.,  Ralclifje,  1956]  which  may  be  regarded  as  spatiai 
frequencies  measured  in  units  of  cydes/waselcngth,  or 
alternatively,  for  small  values  of  9Z  and  9y,  interpreted 
as  the  zenith  angles  measured  in  I-  and  y-directions  in 
units  of  radians. 


Sie.de,draj*&M,  (6) 

where  A(9X,97)  stands  for  the  effective  are*  of  the  re¬ 
ceiving  antenna,  and  the  denominator  4xra  accounts  for 
propagation  losses.  Note  that  in  the  argument  list  of 
.9„  wc  have  indicated  the  direction  dependence  of  Bragg 
vector  ks  as  wdi  as  possible  position  dependence  of  the 
fluctuation  spectrum.  The  integral  of  (6)  over  all  B„e„ 
f,  and  between  r  =  r.  and  r„-f  Ar  should  be  proportional 
to  the  total  echo  power  R{ 0, 0, 0)  coming  from  the  irreg¬ 
ularities  contained  within  a  scattering  volume  of  depth 
located  at  range  r0.  Therefore,  a  comparison  of  (4) 
and  (6)  suggests  the  brightness  spectrum  model 

B(f,e,,e,)  =  G(e„es,)S4f,kB(8.,e>),ell8ll)l  (7) 

where 


For  r  =  a  —  0  =  0,  equations  (2)  and  (3)  can  be  com¬ 
bined  as 


fi(0, 


dfd9zd6yB(f,0z,6y),  (4) 


and  since  R( 0, 0, 0)  represents  the  total  echo  power,  the 
brightness  spectrum  B(f,6z,8„)  can  be  interpreted  as  the 
echo  power  density  per  unit  Doppler  frequency  /  and 
viewing  angles  8Z  and  0„.  For  or  =  0  =  0  equation  (3) 
reduces  to 


V(f,  0,0) 


•// 


d9zd8vB(f,$z,9v), 


(5) 


sn(f,k,ez 


f  ’ 

d  r# 


drSn(2xft  k,$xt  dVtr)  (8) 


is  the  radial  integral  of  the  fluctuation-spectrum  over  the 
depth  of  the  scattering  volume,  and  the  function 


G(0X,QV)  oc 


St[9„9VtT0)A[9St9v) 

4x 


(9) 


includes  all  implicit  proportionality  constants  and  the 
two  way  power  pattern  of  the  radar  system.  In  obtaining 
(7),  wc  neglected  the  r  dependent  variation  in  S,-(0„  0„,  r) 
with  the  assumption  that  the  depth  of  the  scattering  vol¬ 
ume  is  small  compared  to  its  range. 


which  indicates  that  only  the  frequency  distribution  of 
the  echo  power,  i.e.,  the  Doppler  spectrum  S(f)  — 
V(f,0,0),  can  be  recovered  by  using  a  single  receiver. 
However,  the  Fourier  transform  relationship  (3)  between 
the  visibi,:ty  spectrum  V(/,  i,  0)  and  the  brightness  spec¬ 
trum  B(f,9z.6y)  suggests  that  a  multiple-receiver  con¬ 
figuration,  which  allows  an  appropriate  sampling  of  the 
visibility  spectrum  over  the  cr/7-plane,  may  be  useful 
to  measure  the  brightness  spectrum  or  at  least  to  esti¬ 
mate  its  lower  order  moments  over  0Z  and/or  0„,  In¬ 
deed,  radar  interferometry  consists  of  measuring  one 
or  more  non-redundant  samples  of  antenna  pair  cross- 
spectra  V(J,a,0)  and  exploiting  relationship  (3)  to  de¬ 
duce  the  angular  distribution  of  the  scattering  targets 
contributing  to  different  frequency  bands  of  the  Doppler 
spectrum  S(/)  =  V(/,0, 0). 

For  a  medium  with  weak  refractive  index  fluctuations, 
the  backscattcring  cross-section  per  unit  volume  and 
frequency  interval  is  known  to  be  proportional  to  the 
frequency-wavenumber  spectrum  S„(w,k)  of  the  fluctu¬ 
ations  evaluated  at  w  =  2 x/  and  k  =  kB  s  2k0,  where 
1  represents  the  Doppler  shift  from  the  radar  carrier  fre¬ 
quency  fo  and  kB  is  the  so  called  Bragg  vector  defined  as 
twice  the  propagation  vector  k„  of  the  incident  wave  [e.g., 
Booker  and  Gordon ,  1950;  Woodman,  1991],  Assuming 
an  incident  power  density  of  S,(0Z  »^y  *  r)i  the  power  re¬ 
turn  from  an  infinitesimal  volume  clement  of  r!<f0,d0v<fr 
positioned  at  some  range  r  in  (8z,9y)  direction  and  over 
some  frequency  band  df  centered  about  f0  +  /  should 
then  be  propm  lional  to 

Si[$z  9y,  r)S„(2x/,  kn(9z,  0y);  0*,  0y,  r) 


Clearly,  (7)  suggests  that  the  angular  variation  of  bright¬ 
ness  spectrum  at  each  Doppler  frequency  /  is  influenced 
by  three  factors:  (1)  k  dependence  of  Sn,  which  has  to 
do  with  the  anisotropy  of  the  scattering  irregularities  at  a 
fixed  |i|  =  2 k„,  (2)  the  spatial  dependence  of  Sn  due  to  ir¬ 
regularity  inhomogcneilics  within  the  resolution  volume, 
and  (3)  variations  imposed  by  the  two-way  power  pattern 
C(0i,  0V).  In  most  practical  cases  of  interest  brightness 
variation  is  dominated  by  the  first  and/or  the  second  of 
these  effects.  For  homogeneous  scaltcrcrs,  the  bright¬ 
ness  spectrum  provides  a  measure  of  the  “aspect  sensi¬ 
tivity”  of  the  scattering  irregularities  with  wavenumber 
\ko(8x,9v)\  =  2 ka.  On  the  other  hand,  for  weakly  aspect 
sensitive  or  nearly  isotropic  irregularities  the  brightness 
spectrum  allows  a  straightforward  visualization  of  how 
the  scattering  irregularities  arc  organized  within  the  field 
of  view.  The  image  structures  can  then  be  interpreted 
in  terms  of  the  angular  position  and  extent  of  the  irreg¬ 
ularity  patches  causing  the  radar  echoes.  The  brightness 
spectrum  is  dominated  by  G(0,,0V)  only  in  the  limit  of 
weak  anisotropy  and  inbomogcncity,  a  situation  which 
rarely  arises  in  ionospheric  studies. 

Strong  magnetic  field  alignment  of  ionospheric  density 
irregularities  causes  the  angular  variation  of  5n  in  the 
direction  of  the  geomagnetic  field  to  be  dominated  by 
anisotropy  effects,  while  variations  of  Sn  in  the  per¬ 
pendicular  direction  to  the  field  may  generally  be  ex¬ 
pected  to  be  a  manifestation  of  irregularity  structur¬ 
ing.  It  is  therefore  possible  to  study  the  anisotropy 
and  inhomogencity  characteristics  of  ionospheric  irreg¬ 
ularities  separately  by  using  one-dimensional  interferom¬ 
etry  systems  with  receiver  baselines  directed  in  magnetic 
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north-south  and  cast-west  direction*,  respectively.  Al¬ 
though  both  effects  can  be  studied  simultaneously  by  us¬ 
ing  two-dimensional  receiver  distributions,  implementa¬ 
tion  cf  one-dimensional  interferometry  is  generally  eas¬ 
ier  and  experiments  to  be  reviewed  in  the  next  two  sec¬ 
tion*  were  conducted  with  one-dimcnMOnal  north-south 
and  east-west  baseline  systems. 

In  one-dimensional  interferometry,  all  antenna  pair  base¬ 
lines  arc  aligned  in  one  direction,  say  r,  so  with  =  0, 
(3)  reduces  to 


denotes  the  angular  position  of  the  brightness  peak.  Ap¬ 
plying  the  Fourier  transform  shift  theorem  ca  (13)  gives 

»(/,<*)  =  S’Hl)°  J  M  l(f,B  -  8(f)),  (18) 

which  implies  that  for  b(f,6)  symmetric  about  6  =  8(f), 

=  -f2*)3  J  dB  9’  H/.fl  -  Hf)) 


V(f,a)~  J  dBte~,1’>‘a  B(f,0I),  (10) 

where 

V(f,cr)  =  V(f,a,  0),  (11) 

and 

B(f,ex)  =  J  de„B(f,0:,Bv)  (12) 

is  the  onc-dimcnsional  brightness  spectrum  in  z  direction. 
Normalizing  V(/,or)  and  B(f,6x)  by  the  Doppler  spec¬ 
trum  V(/,0,0)  =  V(/,0),  and  <**  ng  the  subscript  z 
fer  simplicity,  wc  obtain  the  rc 

»(/,<»)  =  J  (13) 

between  the  one-dimensional  normalized  brightness  and 
the  visibility  spectra  satisfying  the  normalization  condi¬ 
tion 

«(/.°)  =  J  d9b(f,B)  =  1.  (14) 

Normalized  visibility  estimates  required  to  recover  i(f,B) 
and  therefore  B(f,6)  =  V(f,0)b(f,6)  are  obtained  in 
practice  via 


<  >  ,.,s 

<  l*(/.0)l3  >1/J<  K/.<*)IJ  >U1  ’  1  ’ 

where  s(J,  3)  and  j(/,or)  stand  for  J’-poml  discrete 
Fourier  transform  samples  of  signal  time  scries  recorded 
by  using  two  sensors  separated  by  a  distance  of  a  wave¬ 
lengths  and  <  •  >  denotes  smoothing  over  K  contiguous 
samples. 

3.  NORTH-SOUTH  BASELINE  ASPECT 
SENSITIVITY  MEASUREMENTS 


In  ionospheric  aspect  sensitivity  measurements  the  objec¬ 
tive  is  estimating  the  characteristic  width  of  the  angular 
spectrum  of  the  return  signals  in  geomagnetic  field  di¬ 
rection.  Using  north-south  baseline  interferometry  this 
amounts  to  estimating  the  characteristic  width  of  the 
onc-dimcnsional  brightness  spectrum  6(/,0),  where  0  now 
denotes  the  zenith  angle  in  northward  direction.  In  view 
of  the  normalization  condition  (14),  the  characteristic 
width  <7 (/)  of  b(f}  6)  in  0  can  be  defined  via 


a1(f)  =  j  d0  61b(f,  B  -8(f)),  (16) 


where 


dS  8  b(f,6) 


(17) 


=  -(2r)V(/).  (19) 

Taylor  series  expansion  of  \v(f,  or)|  =  |u(/,—  o)|  about 
a  =  0  is 


K/.»)l  =  i  +  \°3 +  - 

=  l-ia’(2*)V(/)+-,  (20) 

and  therefore,  the  characteristic  width  is  obtained  via 

where  Cj  is  the  coefficient  of  the  a1  term  of  a  polynomial 
fit  applied  to  measured  values  of  |v(/,  a)|  at  each  Doppler 
frequency  /. 

The  procedure  outlined  above  nas  been  used  in  equatorial 
clcctrojct  aspect  sensitivity  measurements  at  Jicamarca 
(Kudeki  and  Farley,  1989).  lour  receivers  were  positioned 
along  the  north-south  diagonal  of  the  Jicamarca  incoher¬ 
ent  scatter  array  with  1-3-2  non-redundant  spacing.  Each 
receiver  was  1/6-lth  module  of  the  array  and  the  unit 
spacing  was  6y/2  wavelengths.  A  typical  example  of  the 
measurements  is  shown  in  Figure  2  [Figure  2  in  Kudeki 
and  Farley,  1989].  This  figure  displays  daytime  clcctrojct 
measurements  for  four  range  gates  obtained  with  1-min 
integration.  The  top  row  shows  the  nearly  identical  self- 
normalized  Doppler  spectra  of  the  four  receiver  signals. 
The  middle  row  displays  the  coherence  (the  magnitude 
of  v(/,a))  for  the  six  different  baselines,  with  symbols 
changing  from  triangles  to  squares  to  circles  to  diamonds 
to  crosses  to  crossed  squares  as  the  baseline  length  in¬ 
creases  The  bottom  row  displays  angular  (half)  width 
estimates,  cri(f),  referred  to  as  aspect  width.  The  aspect 
widths  are  plotted  only  when  the  signal/noisc  ratio  at  the 
corresponding  Doppler  frequency  for  all  four  receivers  ex¬ 
ceeds  some  threshold  value. 

Note  that  the  technique  allows  the  determination  of  the 
aspect  width  as  a  function  of  the  Doppler  frequency  /. 
This  Doppler  sorting  capability  is  crucial  for  differentiat¬ 
ing  between  the  aspect  widths  of  high  frequency  type  1 
and  low  frequency  type  II  waves  responsible  for  the  radar 
hackscattcr.  Type  I  and  type  II  clcctrojct  irregularities 
arc  known  to  be  generated  by  distinct  physical  processes 
[eg.,  Farley,  1985)  and  one  of  the  findings  of  these  mea¬ 
surements  is  the  enhancement  of  type  II  aspect  width 
during  strongly  driven  clcctrojct  conditions,  which  indi¬ 
cates  a  nonlinear  coupling  between  directly  driven  type 
I  waves  and  linearly  damped  type  II  waves  with  finite 
wavelengths  in  the  geomagnetic  field  direction  [Kudeki 
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Pigurc  2:  Self-normalized  power,  coherence,  and  aspect  v/dth  spectra  for  four  electrojet  during  a  strongly  driven  daytime 
period.  The  "width"  Is  actually  the  half  width  o(f)  (After  Kudeli  and  Farley,  [1989]) 


and  Farley,  19S9].  Characteristic  aspect  widths  as  small 
as  about  0.05°  were  measured  is  this  experiment. 

The  procedure  used  by  Ktidckt  and  Farley  [1939]  avoids 
direct  inversion  of  (13)  to  estimate  the  brightness  spec¬ 
trum  function  b(f,B),  bat  rather  exploits  (13)  to  infer  the 
characteristic  width  of  b(f,  6).  Certainly,  the  characteri¬ 
zation  of  b(f,  8)  by  its  width,  or  more  generally,  by  its  low 
order  moments  is  the  most  satisfactory  when  the  latter 
is  a  single  peaked  function.  This  approach  is  justified  in 
aspect  sensitivity  measurements  when  the  angular  irreg¬ 
ularity  spectrum  5n(/,i)  is  expected  to  exhibit  a  single 
peak  as  a  function  of  £*,  the  wavenumber  in  geomagnetic 
field  direction. 

4.  EAST- WEST  BASELINE  IMAGING 

While  the  north-south  brightness  of  ionospheric  irregu¬ 
larities  may  be  expected  to  exhibit  a  single  peaked  dis¬ 
tribution  due  to  the  aspect  sensitivity  effect,  in  general 
we  have  no  prior  knowledge  of  the  expected  shapes  of 
the  east-west  brightness  distributions.  Therefore,  the 
“model  based”  estimation  procedure  outlined  in  the  pre¬ 
vious  section  is  not  suitable  for  the  analysis  of  cast-west 
baseline  interferometry  data.  An  alternate  procedure 
referred  to  as  radar  interferometric  imaging  (Rll)  has 
been  used  in  the  analysis  of  multiple  sensor  east-west 
baseline  interferometry  measurements  conducted  at  Jica- 
marca  [ Kudcki  and  Surucu,  1991].  RII  consists  of  direct 
inversion  of  (13)  with  the  measured  normalized  visibil¬ 
ity  samples  «(/,  n 0),  where,  n  =  0,  ±1, ...,  ±W,  and  N  is 
preferably  large  compared  to  unity. 

Fourier  inversion  of  (13)  yields  (where  8  now  denotes  the 
zenith  angle  in  eastward  direction) 

b(f,B)  =  Jd0c>”“v(f,  a),  (22) 

which,  for  b(f,6)  band  limited  to  the  spatial  frequency 
range  \0\  <  0,  can  also  be  expressed  as 

CO 

b(f,8)  =  Dt’,'e"D  v(f,nD)  (23) 

no~oo 

for  |8|  <  0,  provided  that  the  sampling  interval  0  of 
u(/,  a)  in  a  satisfies  the  Nyquist  criterion  0  <  1/20. 
We  shall  refer  to  (23)  as  the  true  image  which  is  actually 
inaccessible  to  RII  due  to  the  absence  of  v(f,nD)  for 
|n|  >  N.  However,  with  the  available  visibility  samples, 
we  can  calculate  a  dirty  image 

OO 

hf.0)=  £  B«'”M»(»)ll(/,nfl),  (21) 

n*» —oo 

where  tu(n)  is  a  suitably  selected  window  function  such 
that  ui(n)  =  0  for  |n|  >  N.  In  short,  RII  technique  pro¬ 
duces  a  windowed  Fourier  transform  of  available  visibility 
samples  as  an  estimate  of  the  brightness  spectrum. 

The  dirty  image  in  (24)  is  related  to  the  true  image  via 
Hf,B)  =  W(B).b(f,8),  (25) 

where  ♦  denotes  convolution  over  $,  and 

W($)B  £  e,MnD  w(n).  (26) 

nm-N 
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Therefore,  the  angular  resolution  of  the  dirty  image  is 
limited  by  the  characteristic  width  of  \Y{6). 

Considering  a  triangular  weighting  function 


tu(n)  = 


A'-rl-H 
-V  +  l 


(27) 


for  |n|  <  JV',  we  find  that 


W(8)  = 


sin3((Af  +  l)x60) 
(A- -rl)  sin3  (*«£)' 


which  implies  an  angular  resolution  of 


(28) 


IB  = 


1 

(N +  1)0 


(29) 


radians.  If  D  is  selected  to  match  1/20,  (29)  implies 
that  up  tc  20/66  =  N  +  1  features  of  the  true  image 
separated  from  each  other  by  SB  or  more  can  be  identi¬ 
fied  in  the  dirty  image.  Also,  (28)  implies  that  the  dirty 
image  is  contaminated  by  -12.8  dll  or  weaker  side-lobes. 
The  matching  between  0  and  1/2©  can  be  enforced  by 
selecting  a  transmitting  antenna  size  of  2D,  which  is  well 
known  to  be  characterized  by  a  BVVFN  of  1/D  radians. 
Note  that  (28)  is  identical  to  the  square  of  the  array  fac¬ 
tor  of  a  uniformly  illuminated  N  +  1  clement  linear  array 
and  that  imaging  with  a  triangular  weighting  function 
may  be  viewed  as  software  beam  synthesis. 

The  transmission  and  reception  antenna  configurations 
used  in  recent  Jicamarca  electrojet  imaging  experiments 
[Kvdeki  and  Suructi,  1991]  are  shown  in  Figure  3.  Four 
l/64th  modules  of  the  Jicamarca  incoherent  scatter  array 
selected  with  1-3-2  spacing  along  its  east-west  diagonal 
were  sampled  independently  in  reception  (labeled  R  in 
Figure  3  a).  The  use  of  expressions  similar  to  (15)  with 
all  module-pair  combinations  provides  normalized  visi¬ 
bility  samples  at  or  =  ±0,  ..,±60.  With  N  =  6,  (29) 
implies  an  angular  resolution  of  68  ss  0.965°  for  a  dirty 
image  obtained  by  using  (24)  with  the  measured  visibil¬ 
ity  samples  and  w(n)  =  (7  -  |n|)/7.  Figure  3  b  displays 
the  product  of  the  power  patterns  of  the  transmission 
array  and  one  of  the  reception  modules  evaluated  along 
the  locus  of  perpendicularity  to  the  geomagnetic  field  at 
100  km  altitude.  The  curve  may  be  regarded  as  the  true 
image  corresponding  to  a  homogeneous  distribution  of 
perfectly  field  aligned  plasma  irregularities  and  provides 
some  idea  about  the  expected  spatial  frequency  band  of 
the  clcctrojcl  imag*s. 

Figure  4  displays  sequences  of  seven  dirty  images  i(/,6) 
obtained  from  102.3  and  102.6  km  daytime  clcctrojet  re¬ 
turns.  The  time  and  height  resolutions  were  1.664  s  and 
300  m,  respectively.  In  each  image,  the  horizontal  axis 
is  the  Doppler  frequency  /  in  the  ±186.3  Hz  range,  cor¬ 
responding  to  a  maximum  Doppler  speed  of  559  m/s. 
The  vertical  axis  is  the  spatial  frequency  6  in  the  ±3.38° 
range,  which  may  also  be  viewed  as  eastward  displace¬ 
ment  in  the  ±6  km  range  measured  from  the  overhead 
position  at  100  km  altitude.  Positive  /  and  8  correspond 
to  downward  motions  and  eastward  directions,  respec¬ 
tively.  The  intensity  in  each  pane)  varies  linearly  with 
self-normalized  6 (/,  6)  at  each  Doppler  frequency  /,  with 
the  darkest  and  lightest  tones  corresponding  to  one  and 
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Figure  3:  (s)  The  antenna  configuration  used  on  August  6,1990.  The  l/64th  modules  of  the  array  labeled  with  R  were 
sampled  independently  in  reception.  The  transmitting  array  consists  of  the  modules  labeled  by  0,  1,  2,  and  3,  which 
correspond  to  the  applied  phasing  in  units  of  —  r/2  radians.  Unlabeted  modules  were  not  used,  (b)  The  two-way  radar  beam 
pattern  evaluated  at  (6,13012.68°  +  <?tan4°)  for  \0/60\  <  3.5.  where  0  is  the  zenith  angle  measured  along  the  eastward 
diagonal  of  the  Jicamarca  array  and  60  =  0.965°. 


- ». 

f 

Figure  4:  Sequences  of  seven  consecutive  images  obtained  from  102  3  and  102.6  km  returns  between  12:33:57  and  12:34:07 
LT  on  August  6,  1990. 


zero,  respectively.  Figure  5  displays  longer  sequences  of 
daytime  images  obtained  from  101.4  and  101.7  km  data  in 
a  similar  format  to  Figure  4,  but  only  for  -186.3  <  /  <  0 
Hz  ar.d  with  a  factor  of  two  compression  along  the  /- axis 
Finally,  Figure  6  presents  samples  of  nigh1  time  elcctrojet 
images  from  105.6,  and  106.2  km  in  a  s..nilar  format  to 
Figure  4. 

Both  daytime  and  nighttime  image  sequences  exhibit  dis¬ 
tinct  brightness  patches  which  appear  to  be  displaced 
in  successive  images  in  westward  and  eastward  direc¬ 
tions,  respectively.  Clearly  the  scattering  irregularities 
arc  not  distributed  uniformly  in  the  zonal  direction,  and 
the  cast-west  drift  speed  of  enhanced  irregularity  patches 
can  be  directly  estimated  from  the  image  sequences  (ss 
300-340  m/s  in  Figure  4  and  ns  120-150  m/s  in  Figure  6) 
Note  that  the  nighttime  images  exhibit  multiple  bright¬ 
ness  patches  with  the  upshifted  and  downshifted  bright¬ 
ness  patches  interleaved  in  the  angular  direction.  Such 
signatures  can  be  attributed  to  kilomc.cr  scale  primary 


waves  responsible  for  the  generation  of  meter  scale  irreg¬ 
ularities  detected  by  the  50  MHz  system  [c.g.,  V'  deki  el 
a!.,  1987).  Also  note  that  the  relative  positions  of  up- 
shifted  and  downshifted  brightness  patches  exhibit  some 
temporal  changes  which  suggest  that  multiple  modes  of 
dispersive  kilometer  scale  waves  may  be  involved  in  the 
structuring  of  meter  scale  irregularities. 

Clearly,  the  above  examples  illustrate  that  radar  inter¬ 
ferometric  imaging  constitutes  a  powerful  :  emote  sens¬ 
ing  technique  for  the  visualization  and  investigation  of 
the  cross-field  dynamics  of  ionospheric  plasma  irregular¬ 
ity  processes.  It  is  also  evident  that  the  amount  of  useful 
information  which  can  be  obtained  with  this  technique  is 
limited  by  the  resolution  of  the  imaging  interferometry 
system.  Certainly,  as  Figure  6  illustrates,  the  inherent 
Doppler  sorting  capability  of  the  technique  helps  in  dif¬ 
ferentiating  between  closely  spaced  irregularity  patches 
with  distinct  hue  of  sight  motions.  But  ultimately,  the 
angular  system  resolution  is  determined  by  the  longest 
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Figure  S:  Sequences  of  twenty-six  consecutive  images  obtained  from  101  '  and  131.7  km  returns  between  12:31:26  and 
12:32:07  IT  on  August  6,  1990. 


f 

Figure  6:  Same  as  Figure  3  but  for  105.6  and  106.2  km  data  obtained  between  23.05-55  and  23:06:05  LT  on  August  7,1990. 


available  receiver  pair  baseline  (see  equation  (26)).  Finite 
image  resolution  is  a  manifestation  of  Fourier  inversion  of 
(13)  with  incomplete  visibility  data,  and  docs  not  apply 
in  model  based  estimation  of  brightness  spectrum  param¬ 
eters  where  the  Fourier  inversion  of  (13)  can  be  avoided . 
One  example  of  model  based  estimation  has  been  pre¬ 
sented  in  Section  3  in  connection  with  ionospheric  aspect 
sensitivity  measurements.  Note  that  the  measured  as¬ 
pect  widths  in  the  ~  0.d5°  —  0.05°  range  are  significantly 
smaller  than  the  Fourier  resolution  of  the  Jicamarca  in¬ 
terferometry  system,  approximately  0.965°.  Clearly,  in 
the  case  of  radar  interferometric  imaging,  information 
regarding  the  unpredictable  and  irregular  shapes  of  the 
cross-field  brightness  distributions  is  exchanged  for  the 
high  resolution  capabilities  of  model  based  estimation 
Note  that  when  occasionally  the  imag-ng  method  dis¬ 
plays  single  peaked  brightness  features  as  in  Figure  d, 
it  is  possible  to  return  to  model  based  estimation  to  ob¬ 
tain  higher  resolution  estimates  of  the  zonal  dimensions 
of  the  irregularity  patches  Model  based  estimation  can 
also  be  used  routinely  with  east-west  baseline  systems  if 
the  transmission  antenna  beam  is  designed  to  be  suffi¬ 
ciently  narrow  to  ascertain  the  presence  of  a  single  irreg¬ 
ularity  patch  within  the  radar  fieM  of  view  during  each 
estimation  interval  [e.g.,  Farley  et  ah,  1981;  Kudcki  et 
a!. |  1987).  However,  we  note  that  in  the  latter  case  it 
is  no  longer  possible  to  distinguish  between  the  tempo¬ 
ral  and  spatial  variations  of  irregularity  motions  and  it 
is  difficult  to  detect  rapidly  drifting  irregularity  patches 
which  transit  the  narrow  field  of  view  within  a  few  imag¬ 


ing  intervals.  Given  a  sufficiently  long  baseline,  radar 
interferometric  imaging  technique  appears  to  be  capable 
of  offering  a  more  comprehensive  view  of  the  cross-field 
dynamics  of  the  ionospheric  plasma  irregularities  than 
the  traditional  two-receiver  interferometry.  With  the 
eight-receiver  minimum-redundancy  configuration  being 
planned  for  Jicamarca,  we  hope  to  achieve  angular  res¬ 
olution  of  ~  0.3°  in  future  imaging  experiments.  This 
effort  will  require  the  construction  of  four  new  reception 
modules  to  be  positioned  outside  existing  antenna  array. 

A  related  issue  to  angular  resolution  is  sidclobc  contami¬ 
nation  arising  from  the  windowing  of  the  available  visibil¬ 
ity  samples  (see  equations  (2d)  and  (26)).  For  sufficiently 
large  ft  (maximum  available  spacing),  the  sidclobe  to 
mainlobc  ratio  is  relatively  independent  of  ft,  so  the 
sidclobe  problem  can  not  be  eliminated  by  using  longer 
baseline  systems.  One  approach  to  cope  with  sidclobe 
contamination  is  the  CLEAN  algorithm  developed  in  the 
radio  astronomy  community  [e.g.,  Schwarz,  U.  1979, 
Thompson  cl  oh,  1986).  CLEAN  is  basically  an  iterative 
deconvolution  process,  which  decomposes  the  dirty  im¬ 
age  into  point-source  responses  (i.e.,  equation  (26)),  and 
then  reconstructs  the  brightness  spectrum  by  replacing 
each  point-source  response  with  sidelobe  free  clean  re¬ 
sponse  functions  usually  taken  as  Gaussians  with  a  half 
width  equal  to  the  characteristic  width  of  the  point  source 
response.  Other  image  enhancement  techniques  such  as 
the  maximum  entropy  method  (MEM)  and  Capon’s  high 
resolution  method  (11RM)  may  also  prove  to  be  useful 
in  coping  with  the  sidclobe  contamination  problem.  The 
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results  of  our  preliminary  investigation  of  the  CLEAN 
option  will  be  reported  in  a  separate  publication. 

5.  CONCLUSIONS 

Recent  equatorial  electrojet  experiments  conducted  at 
Jicainarca  demonstrate  that  one-dimensional  multiple- 
receiver  radar  interferometry  is  a  powerful  remote  sensing 
tool  for  investigating  plasma  instability  process.  Its  im¬ 
plementation  requires  the  availability  of  modular  radar 
systems  with  flexible  receiver  arrangements.  In  cross- 
field  imaging  applications,  system  resolution  improves 
linearly  with  the  maximum  available  antenna  pair  sepa¬ 
ration.  However,  by  using  minimum-redundancy  antenna 
spacings  it  should  be  possible  to  achieve  sufficient  resolu¬ 
tion  with  a  modest  number  of  receiving  antennas  in  most 
ionospheric  applications.  Future  measurements  at  Jica- 
marca  will  focus  on  imaging  the  structure  of  spread-F 
irregularities. 
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DISCUSSION 


P.  CANNON 

If  you  had  a  radar  available  in  the  polar  regions,  could  your  technique  be  employed  in  that  area?  For  example  are  your 
assumptions  of  stationarity,  etc. ,  applicable  in  the  polar  ionosphere?  ’ 


AUTHOR’S  REPLY 

I  believe  the  so-called  correlation  tune  is  much  shorter  than  the  one  we  s-udy  at  equatorial  electrojet.  This  may  require  the 
sampling  period  (effectively  1PP)  to  be  decreased  as  small  as  possible  so  that  we  can  have  an  observation  period  (averaging 
period)  being  longer  than  the  correlation  time  and  at  the  same  time  being  shorter  than  the  time  scale  where  irregularities  can 
be  assumed  stationary. 
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AND  THE  EARTH  SURFACE  IRREGULARITIES 
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ABSTRACT 

Radio  wave  propagation  in  a  uniformly  stratified  prop¬ 
agation  environment  has  been  studied  extensively,  both  an¬ 
alytically  and  numerically.  Thus,  the  propagation  environ¬ 
ment  over  the  earth’s  surface  has  been  modelled  as  multi¬ 
layered  horizontally  stratified,  (circular)  cylindrically  strati¬ 
fied  or  spherically  stratified  media.  (Sec  Figs.  1, 2)  However, 
naturally  occurring  propagation  paths  arc  more  realistically 
modelled  as  irregular  stratified  media  (Sec  Figs  3,  4)  Even 
idealized  representations  of  the  earth-ionosphere  propagation 
environment  must  account  for  the  roughness  of  the  terrain 
and  the  sea  surface  as  well  as  localized  (due  to  lightning)  and 
diurnal  variations  in  the  effective  height  of  the  ionosphere. 

Rigorous  analyses  of  these  complex  propagation  prob¬ 
lems  necessitate  the  use  of  complete  electromagnetic  field  ex¬ 
pansions  in  three  dimensions,  the  imposition  of  exact  bound¬ 
ary  conditions  and  the  application  of  precise  analytical  pro¬ 
cedures.  The  complete  modal  expansion  of  the  horizontally 
and  vertically  polarized  electromagnetic  fields  (TE  and  TM) 
consists  of  the  radiation  term,  the  lateral  wave  term  as  well  as 
th*  trapped  waveguide  modes.  The  tangential  components  of 
the  electric  and  magnetic  fields  must  be  continuous  at  each  of 
the  interfaces  of  the  irregular  stratified  media.  Since  the  field 
expansions  do  not  necessarily  converge  uniformly  on  the  ir¬ 
regular  boundaries  of  the  stratified  media,  Green’s  theorems 
should  be  used  to  avoid  interchanging  orders  of  integration 
(summation)  and  differentiation. 

The  above  “full  wave*1  procedures  arc  used  to  convert 
Maxwell’s  equations  into  sets  of  generalized  telegraphists’ 
equations  for  the  forward  and  backward  propagating  wave 
amplitudes. 

Depending  upon  the  location  and  the  performance  of  the 
transmitter  and  the  receiver,  the  propagation  environment 
between  them  and  the  frequency  of  operation,  it  is  neces¬ 
sary  to  extract  only  those  terms  of  the  complete  field  expan¬ 
sions  that  contribute  most  significantly  to  the  received  sig¬ 
nals.  Thus,  if  the  antennas  directly  illuminate  the  ionospheric 
or  terrain  irregularities  that  are  remotely  sensed,  these  irregu¬ 
larities  can  be  characterized  by  a  2  X  2  differential  scattering 
matrix  (that  accounts  for  the  like-  and  the  cross-polarized 
scattering  radiation  fields)  for  a  rough  surface  differential  cl¬ 
ement.  If  the  remotely  sensed  irregularities  arc  not  directly 
illuminated  by  the  antennas  (beyond  the  horizon),  the  scat¬ 
tering  phenomenon  is  characterized  by  the  waveguide  moae 
transmission  and  reflection  scattering  coefficients.  If  the  trans¬ 
mitting  or  receiving  antennas  arc  embedded  in  the  earth’s 
crust  for  instance,  it  is  necessary  to  consider  the  scattered 
lateral  waves  (associated  with  the  phenomenon  of  total  in¬ 
ternal  reflection)  or  the  scattered  surface  waves  (associated 
with  the  poles  of  the  FYcsncl  reflection  coefficients). 


In  Section  2  of  this  paper,  describe  the  full  wave  tech¬ 
nique  developed  to  investigate  propa,  \tion  in  inhomogeneous 
anisotropic  media  such  as  the  ionosphere.  The  elements  of  the 


permittivity  tensor  that  characterize  the  medium  are  func¬ 
tions  of  position  due  to  the  spatial  fluctuations  in  the  density 
of  the  free  electrons  and  ions  of  the  medium  and/or  variations 
in  the  direction  or  intensity  of  the  earth’s  magnetic  field. 

In  regions  of  critical  coupling  between  the  up-going  and 
down-going,  ordinary  and  extraordinary  waves,  generalized 
characteristic  functions  are  used  to  obtain  analytical  expres¬ 
sions  for  the  electric-  and  the  magnetic-field  components. 
The  resulting  equations  for  the  coupled  wave  amplitudes  are 
solved  numerically  for  the  reflection  and  transmission  coeffi¬ 
cients. 

In  Section  3,  we  present  the  full  wave  solution  to  prob¬ 
lems  of  propagation  in  the  earth  ionosphere  waveguide.  These 
solutions,  which  account  for  the  earth’s  curvature,  can  be  ap¬ 
plied  to  problems  of  propagation  over  large  distances  Thus 
for  these  (over  the  horizon)  propagation  paths,  the  transmit¬ 
ter  and  the  receiver  arc  not  along  a  line  of  sight.  Maxwell’s 
equations  arc  reduced  to  sets  of  first  order  coupled  equations 
for  the  forward  and  backward  travelling  mode  amplitudes 
(generalized  telegraphists’  equations).  The  mode  coupling  is 
due  to  fluctuations  in  the  effective  height  of  the  ionosphere 
or  the  earth’s  ground/sca  surface  height.  The  Runge  Kutta 
method  is  used  to  numerically  solve  the  discrete  set  of  cou¬ 
pled  differential  equations.  The  spurious  mode  amplitudes 
together  with  their  propagation  coefficients  determine  the 
observed  fluctuations  in  the  amplitude  of  the  fields  due  to 
ionospheric  perturbations  along  the  propagation  path. 

In  Section  4,  it  is  assumed  that  the  radar  footprint  on 
the  remotely  sensed  random  rough  surface  is  visible  at  the  ob- 
senation  point.  In  this  case,  the  scattered  field  is  expressed 
completely  in  terms  of  the  radiation  fields,  the  lateral  waves 
and  the  surface  waves  supported  by  the  propagation  medium. 
When  the  observation  point  is  in  the  far  field,  the  scattered 
radiation  fields  can  be  used  to  derive  the  bistatic  like-  and 
cross-polari;  «d  radar  scatter  cross  sections,  which  contain  in¬ 
formation  regarding  the  remotely  sensed  parameters  of  the 
random  rough  surface.  Since  the  full  wave  solutions  account 
for  both  specular  point  scatter  as  well  as  Bragg  scatter  in 
a  unified  self-consistent  manner,  it  is  not  necessary  to  em¬ 
ploy  two-scale  models  of  the  random  rough  surface.  The  full 
wave  computer  codes  lo:  the  scattering  cross  sections  con¬ 
tain  only  measurable  ground-truth  data  (such  as,  the  surface 
height  and  slope  joint  probability  density  function  and  the 
permeability  and  permittivity  of  the  media).  No  scaling  or 
normalization  factors  and  no  effective  media  parameters  arc 
introduced  in  these  computer  codes.  Thus,  the  inverse  prob¬ 
lem  of  remotely  sensing  the  propagation  environment,  using 
the  full  wave  solutions  for  the  backscatter  cross  sections  or 
the  bistatic  cross  sections,  docs  not  involve  any  artificial  curve 
fitting  parameters.  Numerical  solutions  for  the  single-  and 
the  multiple-scatter  cross  sections  arc  obtained  in  terms  of 
multi-dimensional  integrals  (not  integral  equations). 

PROPAGATION  IN  INHOMOGENEOUS  ANISOTROPIC 

MEDIA 

Consider  an  inhomogeneous  (horizontally  stratified)  mag¬ 
netic-ionic  (anisotropic)  medium  bound  on  both  sides  by  free 
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space.  (See  Fig.  5)  The  medium  is  characterized  by  a  3  X 
3  susceptibility  matrix  of  M  whose  elements  3/0/j(a,/7  = 
x,y,z)  are  functions  of  position  due  to  fluctuations  in  the 
density  of  the  free  electrons  and  ions  and/or  variations  in  the 
direction  or  intensity  of  the  earth’s  magnetic  field.  The  di¬ 
rection  of  the  incident  wave  normal  in  free  space  (below  the 
magnetic-ionic  medium)  is  given  by  the  unit  vector 

h  =  saz  -f  cav  (1) 

where 

s  =  $in0  and  c—  cos  6  (2) 

and  6  is  the  angle  of  incidence.  Maxwell’s  equations  for  the 
transverse  (z,y)  electromagnetic  field  components  can  be  ex¬ 
pressed  in  matrix  form  as  follows:  (Budden  1962,  Bahar  1976) 

de/dv  =  e'  =  Tt  (3) 

in  which  the  independent  dimensionless  variable  v  is 

v  23  -tkz  ,  djdv  =  1  f(^ikdz)  (4) 

and  k  =  w^co)1^  is  the  free  space  wave  number.  An 
cxp(uv/)  time  dependence  of  the  fields  is  assumed  throughout 
this  work.  The  dimension  of  the  elements  of  the  4x1  column 
matrix  e  is  volts/metcr. 


In  (5)  Ex  and  Ev  are  components  of  the  electric  field  while  Jlx 
and  I{y  arc  equal  to  the  free  space  impedance  rjo  =  {im/i o)1^2 
times  the  corresponding  components  of  the  magnetic  field. 
The  elements  TtJ  of  the  4  X  4  dimensionless  matrix  T,  which 
are  related  to  the  susceptibility  matrix  M  are  in  general  also 
functions  of  v. 

To  facilitate  the  solution  to  equation  (3),  the  following 
linear  transformation  is  introduced 

t  -  Sf  (6) 

where  the  4x  1  column  matrix  /  is  the  new  dependent  variable 
and  5  is  a  4  x  4  transformation  matrix.  Thus  (3)  transforms 
to 

/'  =  S'l(TS  -  S')f  (7) 

The  standard  procedure  is  to  determine  S  such  that 

S~lTS  =  D  (8) 

where  D  is  a  4  X  4  diagonal  matrix  whose  elements  are  the 
four  characterise •  values  qt  of  T.  Thus  if  I  is  the  4x4  identit) 
matrix 

|T  -  ?,7|  =  determinant  of  (T  -  qj)  =  0  (9) 

For  the  special  case  when  T  is  a  constant  matrix  (homoge¬ 
neous  media)  S1  =  0  and  the  solutions  to  (7)  are  the  charac¬ 
teristic  functions 

/.  =  /.»<wp[v,(v-  Wo)]  (10) 

where  fl0  ~  ft(v o)  is  a  constant  For  a  homogeneous  (cold) 
anisotropic  plasma,  the  four  characteristic  functions  /,  corre¬ 
spond  to  the  four  characteristic  waves,  the  upward  ana  the 
downward  travelling  ordinary  and  extraordinary  waves  and 
the  four  characteristic  vectors  S *  that  satisfy 

T5‘  =  qtSl  (11) 

are  the  four  columns  of  the  transformation  matrix  5 


Difficulties  in  employing  the  standard  procedures  to  solve 
(7)  using  (8)  lie  in  critical  coupling  regions  where  there  is 
strong  coupling  between  two  or  more  of  the  four  characteris¬ 
tic  waves.  In  these  regions,  two  or  more  characteristic  values 
q ,  merge,  and  the  transformation  matrix  becomes  singular 
(£-1  does  not  exist).  The  characteristic  vectors  do  not  form 
a  basis  for  the  complete  expansion  of  the  fields. 

For  these  interesting  cases  (which  are  associated  with 
strong  reflections  from  the  ionosphere),  Budden  used  trans¬ 
formation  matrices  that  do  not  diagonalize  the  coefficient  ma¬ 
trix  T.  Thus,  approximate  solutions  tc  the  problem  arc  ob¬ 
tained  by  solving  differential  equations  of  second  order. 

In  this  work,  non-singular  transformation  matrices  are 
introduced  such  that  the  original  set  of  differential  equations 
are  converted  into  sets  of  equations  for  generalized  character¬ 
istic  functions,  that  can  be  more  readily  resolved  either  ana¬ 
lytically  or  numerically  in  regions  of  critical  coupling  (Bahar 
1976,  Bahar  and  Agrawal  1979a).  Thus  for  regions  of  the 
media  where  two  characteristic  values  merge,  let 

V  =  Uf),  T(t?o)  =  To  and  q3  =  q4  (12) 

If  there  arc  two  independent  characteristic  vectors  S3  and  S4 
corresponding  to  the  characteristic  values  q3  =  g4t  wc  proceed 
in  the  standard  manner  (8).  If  not,  in  this  region  wc  define 
generalized  characteristic  values 

A,  =  q,  ;  t  “  1,2,3  (13) 

<md 

A4  =  q4  +  (l/v)  (14) 

The  first  three  characteristic  vectors  S'  (columns  of  the  trans¬ 
formation  matrix  S)  arc  defined  in  the  standard  manner  (1 1). 
However,  the  fourth  is  defined  as  the  generalized  character¬ 
istic  vector  that  satisfies  the  equation 

(To-IA4)S4  =  Sv  (15) 

The  solution  to  (15)  is 


in  which  A14  and  A 24  arc  solutions  to  the  following  equations 
(To  +  /?4)AH  =  0  and  (To  -  lq4)A24  =  A14  (17) 

Since  it  is  assumed  in  (12)  that  $3  =  q4>  A14  and  S 3  arc 
associated  with  the  same  characteristic  value,  thus,  they  can 
be  chosen  to  be  equal. 

A14  =  S 3  (18) 

However  A24  is  a  generalized  characteristic  vector  of  rank 
two  associated  with  the  characteristic  value  tf4  of  multiplicity 
two  It  can  be  shown  that  the  three  characteristic  vectors 
5’(i  =  1,2,3)  and  the  generalized  characteristic  vector  A24 
form  a  set  of  four  linearly  independent  vectors  (Friedman 
1956,  Bronson  1969,  Brogan  1974).  Thus  a  transformation 
matrix  can  be  found  such  that 

S~1{TqS  -  $')  S3  A  (19) 

where 

S  =  {S'S^S3)  +  (l/v)(C00  Au)  3  So  +  Si/v  (20) 

and  A  is  the  diagonal  matrix  whose  elements  are  given  by  (13) 
and  14).  In  (20)  So  is  a  singular  matrix  but  S  is  not  singular 
and  5'1  exists.  The  characteristic  wave  f4(v)  corresponding 
to  the  generalized  characteristic  value  A4  (14)  is 
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AM®  /40cxp jf  A 4(fv  = 

/•40  (~)  cxp[9<(«  —  «o))  (21) 

The  above  solution  can  be  readily  generalized  to  the  case  in 
which  the  matrix  To  has  two  characteristic  values  of  multi¬ 
plicity  two.  In  general,  where  two  or  more  roots  merge  we 
can  find  solutions  to  (19)  as  follows  (Bahar  1976,  Bahar  and 
Agrawal  1979a).  Associated  with  the  characteristic  value  q , 
of  multiplicity  m,  there  arc  chains  of  generalized  characteris¬ 
tic  values  of  length  t3 

Ai+p-1  =  q,  +  *  P  =  1»2  ■  (22) 

where 

= m  <23> 

) 

The  columns  of  the  transformation  matrix  S  associated  with 
the  chain  of  length  t3  arc  the  gcnejalizcd  characteristic  vec¬ 
tors  Art  of  rank  r.  Thus  the  generalized  characteristic  vectors 


r  A" 

c*+p->  -  ,r  A 

V  (P“  r)!tir 

P  =  1,2,  ..t, 

(21) 

are  functions  of  the  variable  v  (4)  (Bahar  1976).  In 

(24) 

(To  -  Iq,)A'1  =  0 

(25) 

and 

(To  -  Iq,)A"  =  A”"  ,  r  =  2...p 

(26) 

Thus 

(To  -  Iq.fA^  =  0 

(2T) 

For  the  special  case  7'  =  To,  the  characteristic  waves  /,,  /,+j 
••  /«+*-  i  associated  with  the  chain  of  length  t  arc  (for  p  - 
1,2,  ...£)  given  by 


/  v  \p-i 

/.+p_i(v)  =  /l+p.1(u0)^-J  exp  (7,(0-  vo))  (28) 

Thus  using  these  non-singular  transformation  matrices  S  the 
coupled  differential  equation  (7)  can  be  solved  analytically 
(generalized  WKB  solutions)  or  numerically  (Bahar  and  Ag¬ 
rawal  1979a)  even  for  critical  coupling  regions  of  the  inhomo 
geneous  anisotropic  (magnetic-ionic)  media 

It  is  sometimes  convenient  to  characterize  the  boundary 
of  an  anisotropic  medium  by  a  normalized  surface  impedance 
dyad  Z  as  follows 


(-  F"\ 

(  Z"" 

zuv  \ 

(  ""  ) 

1  tfj- 

[  Zv" 

zvv  j 

Thus  these  solutions  can  also  be  used  to  examine  the  validity 
of  imposing  approximate  impedance  boundary  conditions. 

3JIIIQBAGAI m  IN  AN 
MmLIQMmiEIlEAVAVKGUlOK 

When  th.  transmitter  and  the  receiver  are  at  very  large 
distances  from  each  other  and  the  propagation  problem  can 
be  approximated  by  a  two  dimensional  geometry,  either  a  (z 
independent)  cylindrical  model  (see  Fig.  6)  or  a  (^  indepen¬ 
dent)  spherical  model  (see  Fig.  7)  can  be  assumed  (Bahar 
1970,  1980).  However  in  the  general  case  (see  Fig  4),  it  is 
necessary  to  employ  complete  three-dimensional  full  wave  ex¬ 
pansions  of  the  electric  and  magnetic  fields  Thus  (Bahar  and 
Fitzwater  1983a,b),  the  transverse  (r,  #)  components  of  the 
electric  and  magnetic  fields  are  expressed  as  follows. 

£T(r)  = 


+  4']  (3°) 

in  which  the  electric  field  transforms  are  given  by 

EL  =  EFMm)=  r  T  ET(f) 

Jo  Jo 

•  (kp  x  a$)rs\nOdrd<f> 

P  =  VtH  (31) 

and 

ET(f)  =  £[//V,»,m)/£ 

»vn 

+  HH(v,6,m)K¥]  (32) 

in  which 

<m  S  //'W,m)=  /“  /JV(f) 

Jo  Jo 

•  (d#  X  ~p)i  sin  ddrdcf) 

P  =  VJl  (33) 

In  (30)-(33)  the  symbol  denotes  the  complete  spectrum  of 
spherical  waves  including  a  continuous  spectrum  (integration 
along  the  Iin(v)  axis)  and  discrete  set  of  waveguide  modes 
(t'n  are  solutions  to  the  ,iodal  equation).  The  basis  functions 
e£,  and  the  reciprocal  basis  functions  ijo,  satisfy  the 
biorthogonal  relationships 

Jo  Jo  s‘n 

=  tfp<jA(i/y)4mim.  (34) 

and 

foo  fir 

J  Jo  ^  x  *$)V  sin  Odrd<f> 

~  (35) 

in  which  6  and  A  arc  related  to  the  Kronicker  and  Dirac  delta 
functions.  The  vector  basij  functions  arc  constructed  from 
sets  of  r  dependent  scalar  functions  0?p,  V*  P  (P  II)  for 
the  vertically-  and  horizontally- polarized  waves  and  the  func¬ 
tions  exp(iim^).  Using  these  complete  field  expansions,  the 
biorthogonal  relationships  and  on  imposing  exact  boundary 
conditions  (the  electric  and  magnetic  field  components  tan¬ 
gent  to  the  boundaries  are  continuous)  Maxwell’s  equations 
are  converted  into  rigorous  sets  of  coupled  first  order  differen¬ 
tial  equations  for  the  forward  (+0)  and  backward  (-9)  prop¬ 
agating  wave  amplitudes  alJm  and  respectively.  They  arc 
given  by  linear  combinations  of  the  field  transforms  E„m  and 
II^m  (Bahar  and  Fitzwater  1983b).  Since  the  earth’s  crust  is 
highly  conducting,  only  the  contributions  associated  with  the 
discrete  waveguide  modes  need  to  be  considered.  At  large  dis¬ 
tances  from  the  source  and  for  kro  >  1  (ro  is  the  radius  oi  the 
earth),  the  propagation  coefficients  in  the  forward  and 
backward  directions  are  approximately  the  same  «  v. 
Similarly,  the  normalized  wave  impedance  for  the  forward  and 
backward  propagating  waves  are  the  same.  In  these  cases,  the 
“generalized  telegraphists’  equations,”  (Schelkunoff  1955)  for 
the  forward  and  backward  propagating  wave  amplitudes  are 


't - 
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in  which  SpQ  are  the  transmission  (a  /  0)  and  reflection 
(a  =  0)  scattering  coefficients  and  the  subscripts  (P,Q  = 
V,H)  denotes  the  polarisation  of  the  incident  (Q)  and  scat¬ 
tered  ( P )  waves.  The  summation  is  over  the  spectrum 
of  the  incident  waves.  The  source  transforms  are  and 

Hm- 

The  generalized  telegraphists’  equations  may  be  solved 
numerically  using  the  Runge  Kutta  method  (Abramowitz  and 
Stegun  1964)  subject  to  the  appropriate  boundary  conditions 
for  the  mode  amplitudes  (Bahar  1970,  1980).  From  these 
solutions,  one  obtains  the  complete  scattering  matrix  for  the 
waveguide  junction  that  characterizes  the  irregula.ities  of  the 
ionosphere  effective  height  or  the  earth's  surface. 

Accurate  solutions  to  the  modal  equations  for  the  sig¬ 
nificant  propagating  modes  in  an  irregular  section  of  the 
earth’s  ionosphere  waveguide  are  critical  for  obtaining  numer¬ 
ical  solutions  to  the  propagation  problem.  The  transcenden¬ 
tal  modal  equation  involves  Bessel  functions  of  complex  order 
v  and  argument  kr.  It  is  necessary  to  find  the  complex  roots 
i>n  for  the  different  modes  as  functions  of  the  effective  iono¬ 
sphere  height  in  the  irregular  earth-ionosphere  waveguide. 
The  algorithm  that  is  used  to  evaluate  these  complex  roots 
is  described  in  detail  in  the  literature  (Bahar  and  Fitzwatcr 
1981). 

The  ionosphere  irregularities  excite  spurious  modes  that 
impact  on  the  magnitude  and  the  phase  of  the  total  field  prop¬ 
agated  to  large  distances  from  the  transmitter.  Thus,  these 
analyses  can  be  used  cither  to  predict  the  impact  of  iono¬ 
spheric  perturbations  on  navigation  and  positioning  system, 
or  they  can  be  used  to  remotely  sense  these  perturbations. 

l_SCAITER.U(G.AtiD.DEP.QlARlZATIQN  I1Y  TWO- 
fflMENSlQKALEY.RQ.U.GIl.SURFACES 

When  the  radar  footprint  on  the  remotely  sensed  random 
rough  surface  is  visible  at  the  observation  point,  the  expan¬ 
sion  of  the  electromagnetic  fields  in  terms  of  the  earth  iono¬ 
sphere  waveguide  modes  it  not  used  since  it  would  be  neces¬ 
sary  to  account  for  a  ve-y  large  number  of  coupled  modes.  In 
this  case,  the  transverse  components  of  the  electromagnetic 
field  Bt,  and  fir  are  expressed  completely  in  terms  of  the 
vertically-  and  horizontally-polarized  field  transforms  Ep  and 
11 p  for  the  radiation  fields,  the  lateral  waves  and  the  surface 
waves  supported  by  the  propagation  medium  (Brekhovskikh 
1960,  Bahar  1973a, b) 

£r(r)  =  '$2,  jv  [£r(z,  v, ui)tj  +  E"(x,v,ui)e"j  du>  (38) 

Ep(x,v,  w)  =  r  Er(f)  ■  (hp  x  a.) dydz  ,  P  =  V,H  (39) 
J-OO 

II r(r)  =  53 /  [.'^(x, V, w)hj  +  ll"(x,v,w)J, Ijj  dw  (40) 

llp(x,v,w)  =  I  I~h(f)  •  (“*  X  ip)dydz  ,  P  =  V,Il  (41) 

in  which  the  symbol  denotes  summation  over  the  com¬ 
plete  wave  spectrum  while  ij- ,  h J,  and  are  the  vector 

basis  and  reciprocal  basis  functions.  They  satisfy  biorthogo- 
nal  relationships  similar  to  (34)  and  (35).  On  following  the 
same  procedures  outlined  in  Section  (3),  Maxwell’s  equations 
are  converted  into  sets  of  generalized  telegraphists’  equations 
for  the  forward  and  backward  travelling  wave  amplitudes  ap 
and  h?  (P  =  V,  //)  that  are  linearly  related  to  the  electric  and 
magnetic  field  transforms.  These  generalized  telegraphists’ 
equations  are  similar  to  (36)  and  (37)  except  that  in  this 
case  the  wave  spectrum  for  the  radiation  fields  and  the  lat¬ 
eral  waves  are  represented  by  integrals  rather  than  a  discrete 
sum.  The  observation  point  is  assumed  to  be  in  the  far  field 


scattered  by  the  surface  irregularities,  thus  only  the  radiation 
field  is  considered  here. 

For  plane  wave  excitations,  the  full  wave  solutions  for 
the  electromagnetic  radiation  fields  diffusely  scattered  from 
two- dimensionally  rough  surfaces 


/(x,,y„*,)  —  y#  —  h(xtyzt)  —  f  , 
-L<x,<  Lt-l  <  z,  <  l 


and 

=  0  ,  jx>|  >  L  ,  |zj|  >  l  (42) 
are  expressed  as  follows  in  matrix  notation 


G{  = 


Ah'  Ab* 

cxp[iu'  ■  f,]dx,dz, — ^  °'G" 

*Or 


exp (— ffco • f) 


(43) 


in  which  G{  and  G*  are  2  X 1  matrices  whose  elements  are  the 
vertically  and  horizontally  polarized  components  of  the  dif¬ 
fusely  scattered  and  incident  fields  EPt  and  Ep‘  (/’  =  V, //), 
respectively.  The  integration  is  over  the  surface  variables 
x„z,  and  the  wave  vector  variables  k'0t  for  the  radiation 
fields  (Bahar  1973a, b,  1974). 

The  2x2  scattering  matrix  5  is  given  by  (Bahai  and 
Rajan  1979,  Bahar  1981) 


S'.(t',t')  =  2cos«'0cosfl*0«u(i',i6'),  («  =  z,z)  (44) 


The  elements  of  the  matrix  71„  are 


,tw  _  (>i,c;c;c„  -  5^j  (i  -  i/o  +  q  -  ,i,)c„ 

“  ~  (C'o  +  nr c[)[Ci  +  ,,rc[)  w 


It""  -  -  SpSo]  (i  -  Up-)  i  ('•  -  ■•IC.'n 

“  "  (Ct  +  CIMiCi  +  CUr,,) 

ftltv  _  zUsSL il!  ~  —  (1  —  I/Cr)Cj) 

V'-O  d*  G\ /v)(Q  +  IrCj ) 


(46) 


(47) 


R vii  _  d»»,  [(i  -  i/c.)c;  -  (l-i/p, )c;l 
“  "  (Q  +  VrCi)(Q  +  Ci/9.) 


(48) 


in  which  the  wave  vectors  in  the  scatter  and  incident  direc¬ 
tions  are 


£(.  =  kofi'  -  k0  [sin  cos  <£'ax  -f  cos  -f  bin  0'o  sin  <t>a,) 

(49) 


h  -  =  *o  [sm^cos^dx  -  cos^dy  +  sin  dl0  sin  4>*a, j . 

(50) 

and  (Ilahar  and  Rajan  1979) 

c  =  S'0cqs$'  +  S'0cos<p'  Sjsin^'-fS^M' 

^Jcos^-f  SqCos^’  ’  *  S'0 sin 4/  4-  Sq sin <f>1 

=  sm 4>x  cos  &!  -  ^  sin cos , 

Fjry 

=  sin 4>  cos -  ^2 sin cos d>'  (52) 


t 
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Note  tixz  el  (-£3),  ts*r  cwfioo:  c6  ks  caaVeokaori 
feicdy  tons  tie  cocfideal  of  ir  oes  tie  fcSoi^ 

tnsdnsuinu.  i*  —  -4£  asd  —  -i*  (Babr  197^ 

i*  (<3)  through  («)<,=  <,/<#,  ^  = 

fcfr)>  are  Ike  rdaihe  peahtitjCT,  per- 

aMaBS^r,  «6arJit  iritx  uf  odrttnc  iaotemt  e£  tie 
oe&eaiMo*taeiocg£<2ixcf»ce(42).  TwitMujcccao 
cC  tie  »^s  *e  aad  #i  Awt  u4  Wwr  tie  m||  i»U»iace 
(deaoced  Sy  ^,5i  aad  CV,Cj)  ate  nbsd  tinwgi  SmJTs 
law. 

Tfeewtoo/ and  t'anpres  by 

,  ?=%-%  (33) 

a*d  f„  aad  f  ate  poshiae  vectors  Eroe  tie  onp*  to  pocats  oo 
tie  roagi  surface  atd  to  tie  oicnUon  poext  rwpeciivehr. 

f,  s  xaix  -j-  Ai,  -f  z^a,  f  =  xi*  -r  jc,  -r  zi,  =  tv*  (Si) 

Tie  partial  denrathes  of  A(x#,x*)_witi  respect  to  x,  and  z, 
are  hr  aad  kx  rwpectivdr.  To  obtain  (43)  from  tie  ““Gener¬ 
alized  TcJegraplists’  Equations'  (Baiar  I973a,b,  1974),  tie 
slopes  are  assumed  to  be  small  aad  multipte  scatter  is  ig¬ 
nored.  Tie  fell  wave  solutions  derived  for  unbounded,  irreg¬ 
ular  multilayered  structures  (Baiar  1973a4>)  are  not  based 
on  tie  approximate  surface  impedance  boundary  conditions. 

On  integrating  (43)  by  parts  (Baiar  and  Rajas  1979, 
Baiar  1981,  Baiar  19SS,  Baiar  and  Fitzvater  19SSb),  it  can 
be  expressed  as  follows 


He«a»Jtei!a(»)CJa«4ei:(p»idwi». 
t^aioz.ulv  fol~nal(-«tkial(pi£«s 
ridd  the  Drrac  idea  fractit«/(rjy(i^)  (Bihar  19JS,  Baiar 

^  FrtxwaZcr  1S83S).  Hsu  the*  uns  Gp  w-rw. •<  for  «*.. 
yciiidy  irfuWplocian.  rMleulfciimMkioc 
&  (55)  inhfa  the  £Iw«Jt  scattered  StJd  <7;  as  wi  as 
the  specially  refected  field  g£  S»  isSiiWij'  large  sofaces. 
Whe>  tie  obaoios  petal  is  at  a  tor  large  distance  troa 
the  rowgh  swEns  (V  >  h*I.  >  1  aad  V  >  V  >  1),  the 
bl«$ndn  nii  mpcd  to  the  scatter  ware  vector  noaUn 
eanbeperibrsnedamalyririSr  =ri><  the  stationary 
phase  Method.  Thai  if  the  oteinln  point  !>  he  the  daec- 
tios 


*,  =  r/r  =  simlfeo«^i--*-cn*l|cF-f  sinl^sie^i,,  (5S) 
the  diHase  tar  fidds  scattered  from  the  roegh  sarface  are 

<%  =  Gaj'jst}1,?)  [«p{ie  •  f.)  -  exp(tr  -  ?,)) 

ix,iz,<?  =  G{  -G’d.  (59) 

Tie  expression  for  5(b^,t*)  in  (39)  is  tie  same  as  tie  expres¬ 
sion  for  5(P,i*)  in  (S3)  except  that  tic  scatter  ware  rector 
P  is  replaced  by  fc*  =  kon*  (58).  Furtbenrore 

r  =  i^nf  —  n*)  (60) 

and 


[erptry  ■  f.)  -  expfiV  -  f,)] . 

=  G'-G'.  (55) 


In  (55),  it  is  assumed  that  A(x„r,)  vanishes  on  the  bound¬ 
aries  of  the  surface  (42)  and 


f,  =  zfit  +  j.o,  =  f,  -  ho,.  (56) 

Since  f!  -  i/  =  0  it  folloa-s  that 

-04<+i«)/j>;«i=i-  (57) 

The  expression  for  the  surface  dement  scattering  matrix 
S(y,k’)  are  given  by  (44)  throngh  (48)  with  the  exception 
that  C.  and  D„  are  replaced  by  cos(^'-^’)  and  sin^'-d1), 
respectively. 

Note  that  the  results  in  (55)  are  in  complete  agreement 
with  -ariier  work  (Bihar  and  Rajin  1979,  Bahar  1981)  in 
which  it  assumed  that  the  vector  ri  normal  to  the  rough 
rurfacc  -estricted  to  the  xy  plane  (h,  =  0).  This  is  because 
the  rcstt.  lion  docs  not  constrain  the  unit  vector  ft  to  lie  in 
the  scatter  plan  (normal  to  x  ij). 

For  the  analysis  leading  to  the  generalized  telegraphists’ 
equations,  the  vector  oasis  functions  used  arc  related  to  a 
pair  of  scalar  basis  functions  for  the  horizontally  and  verti¬ 
cally  polarized  waves  ^  and  t>v  that  satisfy  the  appropriate 
boundary  conditions  at  an  interface  between  any  two  media 
characterized  by  their  permittivity  <  and  permeability  p.  The 
complete  field  expansions  consist  of  the  radiation  Adds,  the 
lateral  waves  as  well  as  the  surface  waves.  For  these  gen¬ 
eral  two  media  cases,  the  reciprocal  basis  functions  arc  not 
the  complex  conjugates  of  tho  basis  functions  and  $v 
(Bahar  1973a,b). 


Go  -  i§expj-ii#r]/2riu,r.  (6!) 

When  the  integrations  with  respect  to  i,  and  are  per¬ 
formed,  the  term  G*D  is  shown  to  be  the  fiat  surface  diffraction 
field  which  is  proportional  to  (4Lf/rx£v,f)sint>r£sinrjf. 
The  expression  for  the  diffraction  term  G!D  is  the  same  as 
the  expression  for  the  total  field  Gf  except  that  f,  in  G1 
is  replaced  by  f,  in  G!D  (56).  Thus  for  h(z„z.)  =  u  they 
a Te  identical  aad  G{  -  0.  The  physical  interpretation  of 
the  diffraction  fidd  for  layered  media  has  also  been  presented 
(Bahar  and  Fitzwater  19S8b). 

The  diffraction  term  is  not  included  in  Rice’s  (1951) 
smsll  perturbation  scattered  fidd.  For  surfaces  with  smaB 
Rayleigh  rough  parameters  p  =  4t£  <  h2  ><  1,  it  may 
seem  proper  to  expand  the  exponent  exp(iu,fc)  appearing  in 
G 7  in  a  Taylor  series.  In  this  case,  the  first  term  in  the  in¬ 
tegrand  of  (59),  which  is  proportional  to  io,h,  is  precisely 
equal  to  Rice’s  (1951)  first  order  small  perturbation  solution. 
However  in  view  of  a  convergence  problem  for  surfaces  with 
“very  small  slopes,’’  this  is  not  done  here  (Bahar  1991).  If 
the  diffracted  field  g£  is  very  small  in  the  noL  specular  di¬ 
rection,  it  is  not  necessary  to  add  it  to  the  full  wave  diffuse 
scatter  solution  G{  to  obtain  the  total  scattered  fidd  in  the 
non-specular  direction.  Since  the  contributions  to  G[  vanish 
from  portions  of  the  surface  where  h[z,,z,)  =  0  (f,  =  f(),  it 
is  possible  to  evaluate  G{  assuming  unbounded  plane  wave 
exdtations.  This  is  not  ao'for  the  evaluation  of  the  total 
scattered  fidd  G1  since  it  contains  the  diffraction  term. 

TV>  remove  the  sriiali  slope  restriction  used  to  derive  (59), 
the  surface  dement  (differential)  scattering  matrix  S(k’,i') 
(which  accounts  for  the  sources  induced  on  the  rough  surface 
by  the  inddent  fidd)  is  replaced  by  the  following  scattering 
matrix  (Bahar  1981). 

S(i/,  £’’)=>  r's„(F,jt’)r  =  Thc^ciK^1  ,V)r 


(62) 


To  obtain  the  qnanrirv  S,  from  S,  tie  raH  vector  noncal  to 

lieaeaRi&cc^itnibiriiTliecsinc^tmaiu 

toe  octroi  seriate  (Salat  1951) 

*  =  (-M,  -F  e,  -  *^)/(l  +  fi’  -r  A’)*.  (S3) 

Hslleaa^eiditdSaceaodscaUeoitl  respect  to  tie 
Steal,  reference  coordinate system  (*,,«,,«,)  are  replaced  by 
tie  aagies  of  ndfaae  aad  scatter  to  tie  local  coordiaale 
jjstert  (zi.Sj  =  s,*j)  aad  tie  fixed  {dotes  of  iaddezee 
aad  scatter  (acnaal  tsi'ti,  aad  Af  x  c,)  are  replaced 
by  tie  local  plaaes  of  iaddesce  aad  scatter  (aonnal  to  S*  X* 
aad  a1  x  i).  Tie  sarfaee  densest  scattering  matrix  5„  is 
invariant  to  coorcisite  transformations.  Tie  scatter] ag  co 
e5cezts  are  assured  to  vaxish  for  Cj,  =  -S'  -  5  <  0 
aad  Ci  =  a*  -  a  <  0  corresponding  to  sdf  shadow  only.  Tie 
tnasformatioa  matrix  T*  transforms  tie  verticaDr  and  hor- 
izoctallr  polarized  waxes  ia  tie  fixed  (reference)  coordinate 
system  to  tie  corresponding  vertically  and  horizontally  polar¬ 
ized  waves  in  tie  local  coordinate  system  wide  tie  transfor¬ 
mation  matrix  T1  transforms  tie  vertically  aad  horizontally 
polarized  waves  of  tie  local  coordiaale  system  bach  to  verti¬ 
cally  and  horizontally  polarized  waves  of  tie  reference  coor¬ 
dinate  system  (Baiar  19S1).  In  addition,  the  rough  snrface 
dement  dz,iz,  in  (59)  is  replaced  by 

iA  =  dz,dr,/(i  -  a,).  (64) 

Note  that  for  the  specular  direction  with  respect  to  the  ref¬ 
erence  coordinate  system 

h1  —  S*'  =  n‘  -  2(n‘  •  Oy)dy  (65) 

and  the  matrix  R  reduces  to 


«-(?  s) 


in  which  Rv  and  RH  are  the  Fresnel  reflection  coefficient  for 
the  vertically  and  horizontally  polarized  waves.  The  corre¬ 
sponding  expression  for  R^p  in  the  local  coordinate  system 
reduces  to  the  Fresnel  reflection  coefficient  flp(#j')  at  the 
stationary  phase  points  where 

fi  — •  n,  =  t/|c|.  (67) 

At  these  specular  points,  the  focal  angles  of  incidence  flj*  and 
scatter  #o*  are  given  by 

cosflo  =  cosAq*  =  —  S' -8,  =  H* -fi,.  (68) 

The  corresponding  expressions  for  R^^(P  ?!  <2 )  vanish  (Ba- 
bar  1981). 

The  transformations  prescribed  in  (62)  were  introduced 
(Bahax  1931)  since  it  was  shown  repeatedly  by  the  author 
that  the  iterative  solutions  to  the  generalized  telegraphists' 
equations  are  significantly  improved  whenever  basis  functions 
that  locally  satisfy  the  boundary  conditions  were  used.  More¬ 
over,  the  resulting  full  wave  solutions  are  invariant  to  coor¬ 
dinate  transformations.  These  transformations,  however,  do 
not  account  for  multiple  scatter.  The  full  wave  multiply  scat¬ 
tered  fields  are  accounted  for  cither  by  numerically  solving  the 
generalized  telegraphists’  equations  or  by  replacing  the  (pri¬ 
mary)  incident  field  at  the  surface  Coxpf-ii'  •  f,)  (43)  by 
the  total  field  impressed  upon  the  tough  surface  (Bahar  and 
El-Shenawee  1991).  The  expression  for  the  single  scattered 
fields  presented  here  account  for,  in  a  self-consistent  manner, 
both  (high-frequency)  specular  point  scattering  (Beckmann 
and  Spizzichino  1963)  as  well  as  (low-frequency)  polarization 
dependent  Bragg  scattering  predicted  by  Rice  (1951),  using 
a  small  perturbation  approach. 

In  earlier  work,  the  correlation  between  the  height  and 


tie  dopes  wire  neglected;  and  h  was  warned  that  ,(*!>*:)  => 
{{it  -  Tris  foe  OM-rSmssfoeaSy  roegh  swrfaces. 

tie  two  peril  iosxt  peobabStr  density  fclctioct  was  approx¬ 
imated  as  foRows  (Baiar  1957); 

=*  y.ss.fey^t  -  (®) 

Furthermore  ia  tie  eazier  analysis,  tie  diffraction  tent  Gp 
was  added  to  tie  fall  wave  diffnse  fcsltensg  ten*  Gf  to  yield 
tie  total  scattered  field  G1.  Tie  iacoieeeat  scalteriag  cross 
sectioas  for  tie  oae-draea»eeal  surfaces  are  therefore  ex¬ 
pressed  as  follows: 

<  of  >=  IfQ  (70) 


IF=r  /'WtMM'tte  (71) 

2-00 

where  fp  is  the  product  of  the  scattering  coefficients  at  two 
points  on  the  surface 


cPP  cPP* 

/'*(«„ 

U(-h{  -  n,)tf(n'  -  -  n2 )U(n*  -  n2)  (72) 

in  which  the  unit  step  functions  ff(-)  account  for  sdf  shadow 
and 

0 -</[»(%.-*) -M%)  (73) 

in  wbici  x  and  xz  are  tbe  characteristic  aad  joint  character¬ 
istic  functions  of  tbe  surface  height. 

To  obtain  the  first  order  small  perturbation  solution  of 
Rice  (1951),  it  is  assnmed  in  addition  that  p(A,)  —  d(Aj)  and 
that  the  Rayleigh  roughness  parameter  /?  =  4 Fj  <  A3  ><  1. 
Thus  in  this  case 

/fp  =  /p(  a.,0,)  (74) 


Q  =  lolkl 1  f°  <  A’ >  C(xs)exp(ir*xe)dxz 

=  2r*g|x|JlV(ef)  (75) 

where  lF(vt),  the  surface  height  spectra]  density  function  is 
the  Fourier  transform  of  the  surface  heigh:  autocorrelation 
function  <  Aifij  >.  For  Gaussian  correlation  functions  (57) 

WCh)-5! ^«p(-t>l<?/4).  (76) 

For  perfectly  conducting  surfaces 

rP_(  (2  ccs  dj  cos  dp  cos(^  -  P=ll  .  . 

sp  (  4(cos(<^ -<£')- sin^sin^)2  P  =  V.  ' 

To  obtain  the  physical  optics  solution  (Beckmann  and 

Spizzichino,  1963)  from  the  full  wave  solution,  it  is  necessary 
to  add  the  diffraction  term  0{y  and  to  assume  that  the  most 
significant  contributions  to  the  scattered  field  come  from  the 
neighborhood  of  the  stationary  phase  (specular)  points  on 
the  surface  where  n  -*  fi,  (67)  (Bahar  1981).  Thus  in  (71) 
p{A») -» d(Ax  +  Vr/Cj)  and  Ip  —  }p(n„h,). 

When  slopc/hcight  correlations  at  two  points  on  the 
rough  surfaces  are  accounted  for  explicitly  in  the  analysis, 
it  can  bo  shown  (on  ignoring  self  shadow)  that  for  one  di¬ 
mensionally  (Gaussian)  random  rough  surfaces  the  (diffuse) 
scattering  width  is  (Bahar  1991) 
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<■*>  - 

(!-rGP«i;>.4-r;B:)] 

-rl  -r  Gf5  <  A;  >  ccs(rIzj)4zt 

-aioCTCf  jT  [l  -  g]  (xs{*»>  -r,)  -  Mr^j 

2r7Ba:(rxxd)dzd  (*S) 

aad  o*  setting  J?{x^)  —  Ox*  (7S)  it  follows  tbit  tfce  coherent 
contribution  b 

<  g£  >=  -  U*  (~^~)  •  (n) 

la  (78) 


1 

{ 

I 

| 


-'i 


t 


t) 
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,4 
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S?F !(&■*,)  =  Gp(fi)  =  Gp(S,)+A,Gf(«,)  =  Gfli+A.cf] 

(SO) 

where  Gp  =  dGp/3A.„  Gp  =  Gp(a,)  aad  Gf  =  Gp( a,)/ 
Gp(cy).  Furthermore 


R(zd)  =<  A, A,  >/</»*>  (SI) 

is  the  surface  height  normalized  autocorrelation  function, 

/l(xrf)  =<*  Ax,iu  >  I  <h*>=  -  <f{2  y 

and 

JD 

B(U)  =<  A,/.*,  >=  -  <  AjA,i  >=  --r-  <  A’  >  .  (83) 
er. 


In  the  high  frequency  limit  (cj  <  A1  »  1),  the  char¬ 
acteristic  .unction  y(cj)  becomes  vanishingly  small.  In  this 
case  (78)  and  (79)  may.be  approximated,  and  it  can  be  shown 
that 


<  °dl  > 


=  <  >  -  <  «*  > 

=  KoGPj  Xj(ty.-r,) 
cos(vxzd)dzd. 


1-2GJ 


*r 


(81) 


For  the  horizontally  polarized  bacJcscattcr  cross  sections 

Gp  ^1  -  2Gf^  +  Gf5^  =  cos5  8(1  +  2  tan5  8  +  tan*  B) 

=  sec5  $.  (85) 

Thus  in  the  high  frequency  limit,  (78)  is  in  agreement  with 
the  corresponding  physical  optics  (specular  point,  hx  =  -vxAi 
-*  tan  0)  results  for  the  horizontally  polarized  backscatlcrcd 
waves  (Beckmann  and  Spizzichino,  1963).  Note  that  (84)  can¬ 
not  be  used  for  near  grazing  angles  at  high  frequencies  since 
\(vv)  -+  I,  and  shadowing  cannot  be  ignored  at  near  graz¬ 
ing  angles.  Furthermore,  for  physical  surfaces  with  Arnux 
bounded,  the  probability  that  the  surface  contains  station¬ 
ary  phase  (specular)  points  is  zero  for  tan  5  >  hxmMX.  Thus 
the  stationary  phase  approximations  cannot  be  used  at  near 
grazing  angles  even  in  the  high  frequency  limit  (k%  <  h2  » 

1). 

In  the  low  frequency  limit  (v5  <  hi1  ><  1)  on  retaining 
terms  of  first  order  in  smallness  (Rice  1951),  (78)  reduces  to 

<  °!i!  >  »  2t° G^J0  Mv  _t,»)  “  IxK)!3]  ^s(v,xj)dij 

v  2hoGo2|>;(u„)|5t'5  /  <  A]A2  >  cos (vzxj)ixj 

J- CO 


=  SififVrf.y)?  tJ&H'fe)  (SS) 

is  whkh  the  sxibct  height  spectral  dtautr  ftsdia  ir(r-) 
is  the  (osier  traxsform  of  the  surface  height  aisia'dria 
fesetio*  <  AjA;  >.  Thus  (78)  is  b  total  agrrgseat  with  the 
Srst  order  small  perturihatios  results. 

Kote  that  the  aaalyss  also  itdkates  why  the  appreori- 
mate  fall  ware  resaks  (70)  are  im  good  agreesseit  with  the  full 
ware  results  (35)  ~  rabees  with  small  heights  aid  slopes. 
The  major  coitriautioa  to  the  iitegra!  (55)  axses  tom  the 
repo*  Zi  <  4.  I*  this  repo*  ~  KsK{5i  -  *r) 

aad  the  tens  hrolnig  the  Erst  order  beight-slooe  correlation 
B  -<  hihf2  >  drops  oct  of  the  integrand  of  (55).  Thas  the 
assumption  ($9)  that  yields  the  good  approximation  results 
(70)  is  justified  analytically.  Note  that  the  above  fall  ware 
results  do  not  depend  o*  the  specific  choice  of  the  surface 
height  autocorrelation  function  R(xd).  It  is  also  shewn  that 
the  full  ware  results  (55)  can  be  used  in  the  very  small  slope 
Emit  <  h2  >—  0  while  the  corresponding  small  perturbation 
results  (Rice  1951)  diverge  (Bahar  1991). 

3„CQ>:aVBISG  REMARKS 

The  full  wave  techniques  described  in  this  paper  have 
been  used  to  determine  the  impact  of  irregular  media  (an¬ 
isotropic.  inhomogeneous  and  rough  surfaces)  effects  on  elec- 
iromagnctic  propagation.  Thus  this  work  can  be  used  to 
predict  the  effects  of  the  propagation  environment  on  radio 
wave  communication,  navigation  and  positioning  systems.  It 
can  also  be  used  to  obtain  realistic  models  (based  exclusively 
on  rround  truth  data)  of  the  propagation  environment  for 
purposes  of  remote  senring  of  the  earth  and  the  planets  (Ba- 
har  and  Hau gland  1959).  The  full  wave  approach  has  also 
been  applied  to  problems  of  propagation  in  media  consist¬ 
ing  of  random  distributions  of  particles  with  irregular  shape 
(Babar  and  Fitzwater  19S$a).  Thus  the  propagation  environ¬ 
ment  can  include  man  made  obscurants  or  planetary  dust.  It 
is  shown  that  the  full  wave  approach  correctly  predicts  en¬ 
hanced  backscatter  (Flood  1987,  Babar  and  Fitzwater  1989) 
therefore  it  can  be  used  to  synthesize  surface  with  desired  po- 
larimelric  surface  scattering  characteristics  (Bahar  and  Ku- 
bik  1991). 

Since  the  full  wave  approach  accounts  for  Bragg  scatter 
and  specular  point  scatte-  in  a  unified  self-consistcnt  manL’r, 
it  is  not  necessary  to  adopt  two-scale  models  of  the  rough 
surface.  Thus  artificial  scaling  and  normalization  are  not 
introduced  and  effective  medium  parameters  are  not  used. 
Propagation  of  CW  and  broad  band  signals  can  be  analyzed 
using  the  full  wave  approach  since  the  same  analytical  full 
wave  expressions  account  for  high  frequency  as  well  as  low 
frequency  phenomena  (Bahar  and  Fitzwater  1978a,b,  Bahar 
1978,  Bahar  and  Agrawal  1979b, c). 
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Fig.  5  Propagation  of  horizontally  and  vertically  polarized  waves  through  inhomogeneous  anisotropic 
stratified  dielectric  media. 


(il  Port  N  (night  section) 

(ii)  Ionosphere  surface-impedance  boundary 

(iii)  Variable  ionospheric  effective  height 

(iv)  Port  D  (day  section) 

(v)  Elementary  waveguide  junction 

(vi)  Waveguide  transition  region 

(vii)  Earth's  surface 


Fig,  G.  Sunrise  line  in  earth-ionosphere  waveguide 
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SUMXAkY 

We  report  on  observations  of 
Extremely  Low  Frequency  (ELF)  signatures 
during  exit  or  reentry  of  space  vehicles 
through  the  ionospere.  The  two  modes 
regularly  observed  gave  signals  that  peaked 
at  5.6  Hz  and  11.2  Hz.  The  evidence  points 
to  the  lower  ionosphere,  i.e.,  the  D-  and 
E-layers,  as  the  generator  of  these 
signals.  The  measurements  were  performed 
using  ground-based  multi-turn  coil  sensors 
located  in  Reno  and  San  Diego.  The  nature 
of  these  signals  is  unclear  at  present  but 
it  is  surmised  that  we  are  detecting  either 
the  evanescent  fields  of  hydromagnetic 
waves  traveling  in  the  ionosphere  or  the 
oscillating  geomagnetic  field  associated 
with  these  hydromagnetic  waves. 


I.  Introduction 

Disturbances  in  the  ionosphere  can 
often  be  monitored  on  the  ground.  Examples 
include  High  Frequency  (HF)  fading  (or 
enhancement) ,  phase  changes  of  Very  Low 
Frequency  (VLF)  waves,  and  micropulsatxons. 
tn  general,  disturbances  in  the  ionosphere 
and  magnetosphere  arise  from  changes  in 
solar  activity.  We  report,  perhaps  for 
the  first  time  in  the  open  literature, 
observations  of  Extremely  Low  Frequency 
(ELF)  signatures  arising  from  space 
vehicle  disturbances  of  the  ionosphere. 

The  sharply  peaked  signatures  are 
observed  in  the  lower  ELF  band  (5  to  15  Hz) 
but  are  different  from  the  broader  Schumann 
resonances  (1,2)  that  are  also  observed  in 
this  band.  They  are  different  from  the 
Schumann  resonances  in  both  frequency  and 
line  shape  (3) . 

According  to  discussions  with  Robert 

J .  Dinger  of  Naval  Weapons  Center  (NWC) , 
China  Lake,  CA,  and  Mario  Grossi  of  The 
Harvard-Smithsonian  Centre  for 
Astrophysics,  Cambridge,  MA,  the  Raytheon 
Research  Laboratory  and  The  Naval  Research 
Laboratory  (NRL)  conducted  a  series  of 
experiments  in  the  early  1970s  to  look  for 
Ultea  Low  Frequency  (ULF)  (.01  to  5  Hz)  and 
ELF  (5  to  3000  Hz)  signals  induced  by 
rocket  interaction  with  the  ionosphere.  It 
was  suggested  by  Mario  Grossi  (then  of 
Raytheon  Research  Laboratory)  that  the 
ionized  rocket  plumes  could  short-circuit 
the  earth-ionosphere  cavity  plates  and 
induce  a  large  flow  of  current  from  the 


ionosphere  to  ground.  This  large  transient 
flow  of  current  will  ring  the  ionosphere  if 
any  resonant  modes  exist.  Another  effect 
is  the  introduction  of  plume  ions  and  water 
vapor  directly  into  the  ionosphere,  thus 
changing  its  conductivity.  The  main  effect 
comes  from  the  water  vapor  which  depletes 
ions  and  effectively  punches  a  hole  in  the 
ionosphere  (4).  The  ionosphere  reacts  to 
the  change  in  conductivity  in  at  least  two 
ways:  first,  currents  are  induced  to 
normalize  the  conductivity,  and  second,  any 
existing  natural  upper  atmospheric  currents 
are  diverted  in  direction.  The  associated 
magnetic  effects  should  be  observable  on 
ground.  Unfortunately,  the  data  obtained 
were  inconclusive  and  interest  was  diverted 
to  ground-based  stimulation  of  the 
ionosphere  using  high  powered  HF 
transmitters  (5,6,7). 

Acoustic  excitation  of  the 
ionosphere  arising  from  the  eruption  of 
Mount  St.  Helens,  May  18,  1980,  in 
Washington  State  induced  detectable 
traveling  ionospheric  disturbances  (8,9). 
Monitoring  in  Oregon  by  William  Vt..  Oise 
also  revealed  ULF  signatures  in  the  3  to  4 
Hz  range  (10).  It  was  hypothesized  that  the 
passage  of  large  spacecraft  through  the 
ionospere  could  also  induce  such  ULF/ ELF 
signatures.  The  first  Space  shuttle  mission 
(Columbia)  began  with  the  launch  on  April 
12,  1981  and  completed  with  the  landing  on 
April  14,  1981.  ELF  monitoring  in  Oregon 
by  William  Van  Bise  during  the  Columbia’s 
landing  period  led  to  the  discovery  of 
strong  signals  peaking  at  5.6  Hz  and  11.2 
Hz  that  corresponded  with  the  spacecraft 
penetration  of  the  ionosphere.  Further 
observations  of  other  Shuttle  missions 
indicated  possible  connections  between  the 
ionospheric  D-layer  with  the  5.6  Hz  signals 
and  the  E-layer  with  the  11.2  Hz  signals. 
The  signals  were  absent  or  were  very  weak 
during  evening  launches  or  landings.  The 
frequencies  may  vary  somewhat,  depending 
upon  a  variety  of  parameters.  In  1989,  an 
organized  effort  was  launched  at  the  Naval 
Ocean  Systems  Center  (NAVOCEANSXSCEN)  ,  San 
Diego,  CA,  to  study  the  validity  of  this 
phenomenon.  Shuttle  missions  starting  from 
October  1989  were  monitored  and  valid 
confirmation  data  were  obtained  for  several 
missions.  The  description  of  the 
observations  will  be  given  in  a  later 
section. 
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2.  In*tru*«nt«tion 

This  initial  study  used  three  sites 
for  the  measurements.  The  sites  are 
located  in  Reno.  NV;  in  San  Diego,  CA;  and 
in  La  Posta,  r~.  Fig.  1  shows  the  location 
of  the  three  c  -.es.  The  La  Posta  site  is  a 
remote  si*;  . .cated  100  tan  east  of  San 
Diego  and  is  linked  to  NAVOCEANSVSCEN,  San 
Diego,  via  a  commercial  telephone  link. 

All  the  sites  use  portable  directional  high 
turn  coil  sensors  (search  coil 
magnetometers)  as  the  antenna  elements.  The 
San  Diego  and  La  Posta  stations  use 
identical  magnetometer  systems.  Fig.  2 
shows  a  schematic  layout  of  these  systems. 
Each  sensor  head  consists  of  90,000  turns 
of  fine  wire,  wrapped  on  a  mu-metal  rod.  A 
low  noise  instrumentation  preamplifier  is 
also  located  directly  at  the  sensor  head  in 
order  to  avoid  amplification  of  cable 
noise.  The  coil  and  electronics  are 
electrostatically  shielded  with 
cylindrically  shaped  foil  covers  and  are 
all  housed  inside  a  plastic  cylinder.  Each 
cylinder  measures  10  cm  in  diameter  by  34 
cm  in  length.  The  three  sensor  heads  are 
mounted  inside  a  weather  proof  fiberglass 
enclosure.  The  fully  loaded  enclosure 
weighs  approximately  30  pounds  and  is 
highly  portable.  In  the  field,  the  three 
orthogonally  arrayed  sensor  heads  are 
oriented  with  the  x-sensor  pointing  east, 
the  y-sensor  pointing  north,  and  the  z- 
sensor  pointing  vertically.  A  36  meter 
cable  connects  the  sensor  unit  to  the 
external  amplifier  unit  which  consists  of 
an  amplifier,  a  40  Hz  low-pass  filter  and  a 
60  Hz  notch  filter  for  each  axis  of 
operation.  For  general  operations  at  the 
San  Diego  station,  a  spectrum  analyzer  (HP 
3561A)  is  used  for  observations  of  real¬ 
time  power  spectra,  and  a  magnetic  tape 
data  recorder  (Honeywell  101)  is  used  for 
data  recording.  The  La  Posta  remote  site 
uses  a  PC  computer  for  data  collection, 
processing,  and  recording.  The  collected 
data  are  stored  on  hard  disk  and  are  also 
processed  with  a  Fast  Fourier  Transform 
(FFT)  program.  A  telecommunications  link 
using  the  telephone  line,  modems,  and 
telecommunications  software  (PC  Anywhere) 
connects  the  La  Posta  station  with  the 
NAVOCEANSYSCEN  Low  Frequency  Noise  Lab  at 
San  Diego.  Near  real-time  power  spectrum 
displays  and  downloading  of  data  can  be 
performed  remotely.  Fig.  3  shows  a  sketch 
of  our  monitoring  network  including  the 
remote  link. 

The  Reno  sensor  systems  (11,12)  are 
basically  of  the  same  design  as  those  at 
San  Diego  and  La  Posta,  with  some 
differences.  The  Reno  systems  consist  of 
single  axis  sensors;  however,  three  of  them 
together  can  serve  as  a  three-axis  system. 
The  Reno  sensors  have  the  preamplifier 
located  at  the  external  amplifier  unit 
rather  than  at  the  sensor  heads  making 
cable  noise  a  problem  if  long  cables  are 
used.  The  Reno  amplifier  units,  unlike 
those  at  San  Diego  and  La  Posta,  contain 
correction  elements  for  adjusting  the  non¬ 
linearity  of  the  coil  characteristics  tc 
provide  a  flat  output  response.  This  serves 
to  assure  uniform  system  response  in  the 
range  of  0.1  to  50  Hz.  A  solid  copper 
casing  protects  the  coils  and  shields 
against  electrostatic  fields  and  completely 
excludes  electric  field  components.  Fig.  4 


Fig  1.  Map  showing  location  of  ELF 
monitoring  sites  at  Reno,  San  Diego, 
and  La  Posta. 


shows  a  schematic  layout  of  the  Reno  sensor 
system. 

The  search  coil  magnetometer  systems 
can  measure  minute  changes  in  the  ambient 
field.  Fig.  5  shown  the  calibration  chart 
of  one  axis  of  the  three-axis  magnetometer 
system  used  in  San  Diego  and  La  Posta.  The 
output  response  increases  linearly  with 
frequency  because  the  coil  sensors  measure 
the  derivative  of  the  field  and  not  •! 
field  itself.  From  this  calibration  chart, 
we  can  estimate  the  minimum  field  changes 
that  we  may  expect  to  observe  in  the  0.1  to 
40  Hz  range.  The  self-noise  of  the  system 
is  approximately  2.5  mV(rms) //Hz  .  At  10 
Hz,  the  system  outputs  10  volts  per  gamma 
(1  gamma  ■=  1  nano-Tesla).  An  ambient  signal 
to  generate  an  output  above  the  self-noise 
requires  a  signal  of_  0.00025  gamma /V  Hz  or 
0.25  milli-gamma/jHz"  .  This  order  of 
sensitivity  is  similar  to  the  sensitivity 
of  the  US  Geological  Survey  (USGS)  search 
coil  magnetometer  systems  but  somewhat  less 
sensitive  than  the  University  of  California 
search  coil  magnetometer  systems  both 
described  in  reference  (13).  This  order  of 
sensitivity  is  generally  sufficient  for 
most  low  frequency  research  because  the 
ambient  background  noise  levels  are 
somewhat  higher  than  the  minimum  levels 
that  can  be  measured.  The  Reno  search  coil 
sensors  are  nominally  more  sensitive  having 
a  uniform  sensitivity  of  approximately  0.05 
milli-gamma/ySz  in  the  range  of  0.1  to  50 
Hz.  By  contrast,  fluxgate  magnetometers 
have  a  sensitivity  of  only  100  milli-gamma/ 
jSfT  ,  and  low  frequency  phenomena",  such  as 
observed  by  us,  could  be  missed  due  to 
their  lack  of  sensitivity. 
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Fig  2.  Diagram  of  one  axis  of  the  NAVOCEANSXSCEN  three-axis 
search  coil  magnetometer  system.  Insert  shows  coil  orientations. 
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Fig  3.  Diagram  of  the  NAVOCEANSXSCEN  low  frequency  observation 
network. 
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Fig  4.  Diagram  of  the  Reno  single  axis  search  coil  magnetometer 
system. 
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j  '  Fi9  5.  Calibration  curve  of  the  NAVOCEANSYSCEN  search  coil 

magnetometer  system  in  volts/gamma  versus  frequency.  Dark  line 
indicates  measured  values;  dashed  line  indicates  extrapolated 
values.  Low  pass  cutoff  at  40  Hz  and  notch  filtering  at  60  Hz  are 
clearly  seen. 
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3.  Description  of  tbs  Observations 

Host  of  the  observations  of  the  EL? 
signatures  were  taken  during  Soace 
Shuttle  missions.  Sxaller  spacecraft  such 
as  Delta  rockets,  have  also  been  seen  to 
generate  similar  signatures  when  traversing 
the  ionosphere.  Table  1  lists  the  recent 
Shuttle  launches  since  October  1939. 


Table  1.  Space  Shuttle  Missions: 
Atlantis=A,  Coluabia=C,  Discovery=D 
(October  1939  to  present) . 

Launch  (ITT)  Touch  Dcvn  (ITT) 


1989, 

Oct  13, 

1753 

A 

1939  , 

Oct 

23, 

1732 

1989, 

Nov  23, 

0636 

D 

1989, 

Nov 

23, 

0029 

1990, 

Jan  09, 

1335 

C 

1990, 

Jan 

20, 

0935 

1990, 

Feb  29, 

0750 

A 

1990, 

Mar 

04, 

1808 

1990, 

Apr  24, 

1331 

D 

1990, 

Apr 

29, 

1449 

1990, 

Oct  06, 

1035 

A 

1990, 

Oct 

10, 

1357 

1990, 

Nov  15, 

2247 

A 

1990, 

Nov 

20, 

2043 

1990, 

Dec  01, 

0649 

C 

19S0, 

Dec 

10, 

0545 

1991, 

Apr  05, 

1422 

A 

1991, 

Apr 

11, 

1355 

1991, 

Apr  28, 

1133 

D 

1991, 

Kay 

05, 

1955 

1991, 

June  5, 

1326 

C 

1991, June 

14, 

1539 

1991, 

Aug  02, 

1502 

A 

1991, 

Aug 

11, 

1223 

There  were  nany  unexpected  schedule  changes 
made  during  these  missions,  and 
opportunities  for  observations  have  been 
lost  due  to  these  changes. 

Typically,  recordings  are  initiated 
one  hour  prior  to  launch  tiae  or  one  hour 
prior  to  touchdown.  The  April  24,  1990 
launch  of  the  discovery  was  recorded  on 
magnetic  tape  at  the  Reno  station  and 
provided  a  good  example  of  the  signal 
characteristics.  In  this  particular 
mission,  the  Shuttle  Discovery  was  launched 
at  0531  P  (1331  UT)  from  Cape  Kennedy. 
Four  minutes  later,  signals  peaking  at  5.7 
Hz  became  prominent.  Another  two  minutes 
later,  signals  peaking  at  12  Hz  also 
appeared.  During  the  following  five 
minutes  the  two  signals  became  the  two  most 
prominent  peaks  in  the  DC  (0.1  Hz)  to  20  Hz 
band. 

Fig.  6  shows  a  four-minute  average  of 
the  DC  (0.1  Hz)  to  20  Hz  background 
spectrum  at  0520,  eleven  minutes  before 
launch.  The  averages  were  performed  on  an 
HP3561A  Signal  Analyzer.  Ho  particularly 
strong  signals  were  observed  except  for  the 
15  Hz  peak  (which  most  likely  was  a  local 
artifact) .  Fig.  7  shows  a  spectrum 
observed  at  0536,  five  minutes  after 
launch.  The  5.7  Hz  peak  is  clearly  visible. 
Fig.  8  shows  a  three-minute  average 
spectrum  taken  from  0538  to  0541.  Here  the 
12  Hz  peak  dominates  the  5.7  Hz  peak.  The 
12  Hz  peak  is  also  broader  than  the  5.7  Hz 
peak,  indicating  a  lower  Q  phenomenon.  The 
twin  peaks  at  1.0  and  4.0  Hz  are  background 
noise  signals  probably  not  associated  with 
this  phenomenon.  Fig.  9  shows  a  time 
history  of  the  phenomenon  showing  a  one 
minute  average  power  spectrum  every  two 
minutes.  The  display  of  the  time  history 
clearly  shows  the  appearance  and 
disappearance  of  the  twin  peaks.  The 
Shuttle  Discovery  touched  down  five  days 
later  on  29  April  1990  at  0649  (1449  UT) . 
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Fig  9.  Tiae  history  display  of  the 
Shuttle  launch  episode  on  April  24, 
1990.  Each  curve  represents  a  1  minute 
average  spectrum.  Launch  tiae  was  0531 
PST.  The  5.7  Hz  signal  begin  appearing 
at  0535  PST,  and  the  12  Hz  signal 
begin  appearing  at  0537  PST. 


The  overall  background  noise  was  high  that 
day  and  the  resonant  peaks  can  best  be  seen 
through  a  long  tine  average.  Fig.  10  shows 
a  half  hour  average  taken  from  0610  to 
0640.  The  peaks  have  shifted  in  frequency 
to  5.3  Hz  and  10.55  Hz.  The  observed  peaks 
at  6.75  Hz  and  9.25  Hz  do  not  always 
appear,  and  are  as  yet  unexplained. 

This  series  of  observations  can  be 
correlated  with  a  typical  trajectory  given 
by  NASA.  In  launches,  the  Shuttle  reaches 
60  km  in  about  five  minutes  (D-layer)  and 
100  km  in  8.5  minutes  (E  layer).  Then  it 
coasts  into  orbit  at  about  240  km  traveling 
at  Mach  25.  The  landing  manoeuvers  can 
take  up  to  an  hour  and  involve  more 
inclined  ang)es  (with  respect  to  the 
ionosphere)  than  during  launch.  Hence 
during  landings  the  signals  generally  last 
longer  than  during  launches.  The 
correlations  fit  the  hypothesis  that  the 
5.6  Hz  signals  originate  from  the  D-layer 
and  the  11.2  Hz  signals  originate  from  the 
E-layer. 

The  October  18  to  October  23,  1989 
mission  of  the  Shuttle  Atlantis  gave 
another  good  example  of  this  phenomenon. 
Fig.  11  shows  a  strong  5.16  Hz  peak 
appearing  23  minutes  after  launch.  The  low 
frequency  and  the  long  duration  of  the 
signal,  and  the  absence  of  the  10-12  Hz 
peak,  probably  indicated  changed 
ionospheric  conditions  possibly  associated 
with  the  large  October  17  Loma  Prieta  quake 
which  occurred  on  the  previous  day  (14). 
Some  mechanisms  of  the  coupling  of  deep 
earth  geologic  processes  with  the 
ionosphere  are  discussed  in  (15).  Fig.  12 
shows  a  strong  11.08  Hz  peak  at  0910  (1810 
UT)  on  23  October  and  Fig.  13  shows  a 
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Fig  8.  Three  minute  average  spectrum  taken  7  minutes  after  the 
April  24,  1990  launch.  Peaks  at  5.7  and  12  Hz  predominate. 


90  April  29, 0620  (1420  UT) 


Fig  10.  One  half  hour  average  spectrum  taken  during  the  April  29, 
1990,  Shuttle  landing  episode.  Strong  peaks  at  5.3  and  10.55  Hz 
are  present. 
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Fig  11.  "Snapshot"  spectrum  taken  23  minutes  after  the  Oct.  18 
1989,  Shuttle  launch.  Recorded  in  Reno.  Strong  5.16  Hz  peak  is 
present. 


Fig  12.  "Snapshot"  of  spectrum  taken  22  minutes  before  Shuttle 
touchdown  on  Oct.  23,  1989.  Strong  11.08  Hz  peak  is  present. 
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89  October  23, 0925  (1725  UT) 


Fig  13.  "Snapshot"  of  spectrum  taken  7  minutes  before  Shuttle 
touchdown  on  Oct.  23,  1989.  Strong  5.64  Hz  peak  is  present. 
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strong  5.64  Hz  peak  at  0925.  Touchdown  was 
seven  minutes  later  at  0932.  Apparently, 
the  ionospheric  conditions  had  normalized 
and  the  peaks  had  reverted  back  to  the  more 
typical  frequencies. 


4.  Interpretation  of  Results 

As  discussed  in  the  previous  section, 
the  evidence  points  to  the  D-layer  as  the 
generator  of  the  5.6  Hz  signals  and  the  E- 
layer  as  the  generator  of  the  11.2  Hz 
signals.  The  signals,  observed  in  Reno  and 
San  Diego  simultaneously,  indicated  a  large 
scale  phenomenon.  It  should  be  noted  that 
the  signatures  were  observed  clearly  in 
Reno  but  very  poorly  xn  San  Diego  and  La 
Posta.  The  reason  for  this  difference  is 
yet  to  be  determined.  The  energy  of  the 
phenomenon  probably  derives  from  both 
mechanical  contact  between  the  spacecraft 
and  the  ionosphere  and  a  shock  excitation 
following  the  spacecraft.  The  shock 
excitation  from  the  reentering  Shuttle  is 
strong  enough  to  excite  seismic  waves  (16). 
In  general,  the  turbulent  wake  of  the 
spacecraft  excites  many  excitation  modes  in 
the  plasma  fluid.  Most  modes  will  b?  damped 
out.  The  undamped  modes  will  be  the 
resonant  modes  and  will  propagate  for  long 
distances.  In  the  ELF  frequency  range,  two 
types  of  plasma  waves  are  seen  to  be 
candidates  for  the  signatures  observed  by 
us.  These  candidates  are  the  Alfven  waves 
and  the  magnetosonic  waves  (17,  18).  The 
Alfven  waves  are  also  known  as  slow 
hydromagnetic  waves  and  the  magnetosonic 
waves  are  also  known  as  fast  hydromagnetic 
waves.  Hydromagnetic  waves  are  low 
frequency  (less  than  several  hundred  Hertz) 
ion  acoustic  waves  traveling  in  a  region 
with  a  magnetic  field.  Ion  acoustic  waves 
are  compressional  waves  formed  from  the  ion 
background.  Slow  hydromagnetic  waves 
propagate  parallel  to  the  ambient  magnetic 
field  while  fast  hydromagnetic  waves 


propagate  perpendicular  to  the  ambient 
magnetic  field.  In  hydromagnetic  wave 
propagation,  the  magnetic  field  lines  and 
the  plasma  fluid  oscillate  together  as  if 
the  particles  were  stuck  to  the  lines.  The 
field  lines  act  as  if  they  were  mass-loaded 
strings  under  tension  and  a  hydromagnetic 
wave  can  be  regarded  as  the  propagating 
disturbance  occurring  when  the  strings  are 
plucked.  A  theory  that  models  this 
phenomenon  is  called  the  field  line 
resonance  model  (19,  20). 

A  simple  formula  exists  for  the 
velocity  of  propagation  of  slow 
hydromagnetic  waves  (Alfven  velocity)  but 
unfortunately  it  is  accurate  only  for  fully 
ionized  plasmas.  However,  a  chart  of  the 
distribution  of  the  Alfven  velocity  with 
respect  to  height  in  the  ionosphere  has 
been  produced  from  more  detailed 
calculations  (21) .  The  chart  shows  that  the 
Alfven  wave  velocities  in  the  D-layer  and 
E-layer  are  approximately  600  km/sec  and 
500  km/sec,  respectively.  These  velocities 
are  much  faster  than  pure  ion-acoustic  wave 
velocities  which  are  of  the  order  of 
several  hundred  meters/sec.  At 
hydromagnetic  speeds  East  coast  to  West 
coast  travel  time  will  be  less  than  10 
seconds.  This  short  delay  is  consistent 
with  observations. 

It  is  surmised  that  large  amplitude 
hydromagnetic  waves  are  induced  by  the 
action  of  the  spacecraft.  The  waves  travel 
both  parallel  and  perpendicular  to  the 
earth's  magnetic  field.  Those  waves 
traveling  along  the  field  lines  are  guided 
to  the  bottom  of  the  ionosphere  in  one 
direction  and  guided  to  the  magnetosphere 
in  the  other  direction.  Thus,  immediately 
below  the  disturbed  ionosphere,  the 
disturbance  will  be  seen  as  evanescent 
fields.  The  waves  traveling  up  to  the 
magnetosphere  will  be  seen  as  evanescent 
fields  at  the  conjugate  location  of  the 
planet.  The  waves  traveling  East-West  will 
be  traveling  perpendicular  to  the  earth’s 
field  and  hence  will  be  fast  hydromagnetic 
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waves.  Fart  hydromagnetic  waves  travel 
somewhat  faster  than  Alfven  waves.  What  is 
observed  on  the  west  coast  during  an  East 
coast  Shuttle  launch  is  either  the 
evanescent  field  of  the  traveling  fast 
hydrosagnetic  waves  or  the  oscillating 
nagnetic  field  lines  of  the  earth 
associated  with  the  passage  of  the 
hydrosagnetic  waves.  The  exact  nature  of 
the  observed  signals  is  being  explored  both 
experimentally  and  theoretically. 

The  question  of  the  resonant  nature  of 
the  observed  peaks  is  a  more  difficult 
question  to  answer.  One  approach  is  to 
treat  the  earth,  the  geomagnetic  field,  and 
the  lower  ionosphere  as  one  giant  RLC 
circuit.  The  resonant  frequency  is 


1 

2  Tf  JljC 


where  L  and  C  are  the  effective  inductance 
and  the  effective  capacitance, 
respectively.  To  our  knowledge,  there  are 
no  estimated  values  of  L  and  C  that  can  be 
used  for  this  situation.  However,  there 
have  been  rough  estimates  given  for  the  R, 
L,  and  C  values  for  the  upper 
ionospheric/maanetospheric  circuit  (22,23). 
The  estimates  given  by  Rostoker  and  Lau 
(23)  gave  a  resonant  frequency  for  that 
circuit  in  the  millihertz  range  which  is 
consistent  with  only  the  Pc5  micropulsation 
frequencies.  Fig.  14  depicts  a  schematic  of 
the  equivalent  circuit.  The  existence  of 
the  Pci  micropulsations  (up  to  5  Hz)  give 
hope  that  R,  L,  and  C  values  exist  to 
explain  the  5  -  12  Hz  oscillations  of  the 
type  observed  by  us.  At  present  there  is 
insufficient  knowledge  to  even  estimate  R, 
L,  and  C  values  for  the  earth/geomagnetic 
field/lcwer  ionospheric  circuit.  More  in- 
depth  studies  need  to  be  performed  to 
determine  the  values  of  geophysical 
parameters.  Because  of  the  large  amount  of 
geophysical  aeronomic  research  conducted  in 
Canada  and  the  Northern  US  including  Alaska 
and  the  large  number  of  ULF-ELF  recording 
stations  located  in  these  regions,  we 
encourage  more  long  term  monitoring  of  the 
lower  ELF  band  (3  to  40  Hz)  which  has  not 
been  c  jserved  as  closely  as  other  frequency 
bands.  In  particular,  it  would  be  important 
to  perform  simultaneous  sunlit  and  night 
sector  monitoring  during  launch  and  reentry 
events. 

5.  conclusion 

We  have  presented  evidence  for  at 
least  two  resonant  modes  of  the  lower 
ionosphere  that  have  not  been  reported 
before  to  the  best  of  the  authors' 
knowledge.  These  modes  occur  in  the  lower 
ionosphere  (D-  and  E-layers)  because  they 
are  not  usually  seen  in  the  evening  sectors 
when  sunlight  is  absent.  The  nature  of  the 
modes  are  not  clearly  known  at  present.  It 
is  surmised  that  the  sensors  are  detecting 
the  evanescent  fields  of  hydromagnetic 
waves  or  the  oscillating  geomagnetic  field 
associated  with  these  waves.  The 
frequencies  of  these  waves  are  most  likely 
related  to  the  resonant  conditions  that 
exist  in  the  earth/geomagnetic  field/ lower 


Example  of  Equivalent  Circuit  for  the 
lonosphere/Magnetosphere 
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- *-  f  =  2  mHz  (Pc5  micropulsation  frequency) 

Fig  14.  Equivalent  circuit  explanation 
of  2  mHz  Pc5  micropulsations.  E 
represents  energy  sources  in  the 
magnetosphere.  Subscripts  M  and  I 
refer  to  magnetosphere  and  ionosphere, 
respectively  (after  ref.  23). 


ionospheric  cavity.  In  fact,  the  observed 
signatures  may  indicate  the  natural 
oscillations  of  the  lower  ionosphere. 
Intensive  investigation  is  under  way  to 
clarify  these  issues. 
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DISCUSSION 


P.  CANNON 

Could  you  please  comment  on  the  relathe  amplitudes  of  the  shuttle  ELF  signatures  and  the  Schumann  Resonances? 

AUTHOR’S  REPLY 

The  relathe  amplitude  of  shuttle  ELF  with  respect  to  back  ground  noise  depends  on  the  relative  level  of  solar-terrestrial  geo- 
electromagnetic,  electric  slortn  (Schumann  resonances),  earth-sea-quake  and  volcano  activation  of  geo-electromagnetic  noise. 
Maximum  signal  is  received  with  the  Z  (vert)  component  of  a  three  axis  induction  magnetometer,  although  the  horizontal 
components  may  also  be  applicable  (independence  of  magn.  lalilude/longitude  relative  to  flight  path). 

So  far,  best  results  were  obtained  from  magnetometers  located  at  mountain  lop  locations  (Reno/La  Posta,  etc.). 

More  important,  the  relative  amplitude  depends  on  launch/reentry  time  windows  with  respect  to  ioro/magneto-spheric 
parameters  atui  signals  for  D  and  i  layers  were  observed  only  within  their  day-lit  lone  of  ionosphere.  Also,  at  the  transition 
period  from  day  into  night  zones  of  ionospheric  illumination,  E  layer  signals  were  observed  but  D  lay  er  signals  rapidly  became 
faint.  More  measurements  at  different  locations  covering  the  entire  North  American  continent  a, id  beyond  are  required  for 
proper  modelling.  (For  further  details  see  papei.) 
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Senang  of  Sona^-HedoiMgmtjc  Earthquake  Precursor  Radiation  Signatures  Along 
ooo them  California  Fault  Zona;  Evidence  of  Long  Distance  Precursor  ULF  Signals  Observed 
Before  a  Moderate  Southern  California  Earthquake  Episode 
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Wolfeang-M.  Boemer 
University  of  Hlinoirat  Chicago, 
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Summary 


Although  questioned  for  a  long  time,  there  is  accumulating 
evidence  for  the  existence  of  detectable  seismo 
-electromagnetic  phenomena  worldwide.  California  is 
geologically  as  well  as  seismicaliy  a  unique  region  for 
studying  these  phenomena  in  depth,  because  the  Southern 
California  geologic  province  has  a  multitude  of  off-shore 
and  inland  fault  rones  with  San  Diego  in  its  center.  At  the 
Naval  Ocean  Systems  Center  (NAVOCEANSYSCEN) 
Low  Frequency  Noise  Laboratory,  San  Diego  CA.,  we 
monitor  0.1  -  10  Hz  Ultra  Low  Frequency  (ULF)  and  10  - 
40  Hz  Extremely  Low  Frequency  (ELF)  signals  using 
mu-metal  loaded  multi-turn  se.rcH  coil  sensors,  as  weli  as 
10  —  100  KHz  Very  Low  Frequency  (VLF)  signals  using 
large  ono~.  :eter-  diameter  loop  antennas.  We  have 
observ'd  precursor  seismo-electromagnetic  emissions  of 
several  earthquake  events.  In  this  paper,  we  report  on 
observations  of  broadband  ULF  signals  before  and  during 
the  Upland  quake  of  April  17,  1990  (Ms  =  4.6),  centered 

200  km  north  of  San  Diego.  The  signals  were  detected  with 
the  vertically  oriented  search  coil  sensor  and  not  with  the 
horizontally  oriented  sensors,  which  suggests  a  disturbed 
ionosphere  as  the  most  likely  source  of  these  signals.  The 
large  pro-quake  ULF  activity,  the  rapid  decay  of  ULF 
activity  after  the  quake,  and  the  absence  of  any 
geomagnetic  storms  indicate  that  the  ULF  activity  was 
correlated  well  with  the  Upland  quake.  Although  the 
particular  mechanism  coupling  geologic  activity  to  the 
it  nosphere  is  not  known,  we  cite  a  number  of  hypotheses 
concerning  these  mechanisms.  An  interpretation  of  our 
radio  observations  of  seismic  activity  is  presented  and 
extended  to  earth-quake  precursor  or  predictor  studies. 
We  are  in  the  process  of  expanding  this  research  with  the 
building  of  more  monitoring  stations  and  the  improvement 
of  our  electric  and  magnetic  field  measurement,  data 
collection,  formatting,  and  data  processing  capabilities. 

1.  Introduction 


Although,  the  existence  of  seismo-electromagnetic 
earthquake  precursor  radiation  is  yet  to  be  accepted  by  the 
majority  of  the  earth  science  community,  it  has  become  an 
issue  of  intense  international  debate.  The  growing  number 
of  reports  on  the  observation  of  electromagnetic  signals 
before  the  occurrence  of  earthquakes  has  gained  greater 
acceptance  for  these  phenomena  and  increased  curiosity 
among  the  earth  scientists  especially  seismologists  and 
gcomagnetologists.  These  reports  cover  a  broad  spectrum 
of  frequencies  including  the  Ultra  Low  Frequency  (ULF) 
(0.01  -  10  Hz),  Extremely  Low  Frequency  (ELF)  (10  - 
3000  Hz),  Very  Low  Frequency  (VLF)  (3  -  60  kHz),  and 
Low  Frequency  (LF)  (60  -  300  kHz)  bands.  Examples 
include  many  papers  published  on  seismo-electromagnetic 
effects  in  a  special  October  1989  issue  (1)  in  the  journal: 
Physics  of  the  Earth  and  Planetary  Interiors  (Parrot  and 
Johnston,  guest  editors).  Other  examples  include  ULF 
observations  by  Rauscher  and  Van  Bise  (2)  and 
Frasier-Smith  ct  al.  (3),  ELF-VLF  observations  by  Tate 
and  Daily  (4),  LF  observations  by  Yoshino  et  al.  (5),  and 


electrotelluric  observations  by  Varotsos  and  Lazaridou 
(6).  In  addition  to  observations  of  active  emissions,  passive 
ELF— V!  F— LF  propagation  changes  have  also  been 
observed  (4). 

Here,  at  tne  Low  Frequency  Noise  Laboratory"  of  the 
NAVOCEANSYSCEN,  San  Diego,  CA,  we  have  been 
monitoring  VLF  radio  noise  for  over  two  decades.  The 
main  gral  has  been  the  improvement  of  coverage 
prediction  for  Naval  communications.  More  recently  (since 
early  1990)  monitoring  has  been  expanded  to  include 
coverage  or  the  ULF  and  lower  ELF  ranges.  Our  expanded 
capabilities  include  the  acquisition  of  three-axis  search 
coil  sensor  systems  capable  of  measuring  minute  magnetic 
field  changes  in  the  frequency  range  of  0.1  -  40  Hz  Our 
low  frequency  broadband  surveillance  research  included  a 
number  of  observations  of  seismo-electromagnetic 
precursor  emissions  prior  to  several  recent  earthquake 
events  in  California.  In  the  following  sections,  we  report 
our  intriguing  observations  of  possible  precursor  magnetic 
signals  in  the  0.1-5  Hz  range,  on  one  of  the  many 
recorded  events,  namely  those  preceding  the  occurrence  of 
the  April  17,  1990  earthquake  (Ms-4.6)  centered  at 

Upland,  California  200  km  north  of  San  Diego.  We  first 
describe  the  equipment  used  and  then  discuss  the 
observations  made  using  tin  monitoring  equipment. 

2.  ULF-ELF  Instrumentation 

A  sensitive  three-axis  search  coil  magnetometer  system, 
originally  designed  for  underwater  ship  detection,  was  used 
for  our  ULF/ELF  measurements.  Fig.  1  shows  the 
schematic  configuration  of  one  axis  of  the  three-axis 
search  coil  magnetometer  systems.  Each  sensor  head 
consists  of  90,000  turns  of  fine  wire,  wrapped  on  a 
mu-metal  rod.  A  low  noise  instrumentation  preamplifier  is 
also  inserted  directly  at  the  sensor  head  in  order  to  avoid 
subsequent  amplification  of  cable  noise.  The  coil  and 
electronics  are  electrostatically  shielded  with  cylindrically 
shaped  foil  covers  and  are  all  housed  inside  a  plastic 
cylinder.  Each  cylinder  measures  10  cm  in  diameter  by  34 
cm  in  length.  The  three  sensor  heads  are  mounted  inside  a 
weatherproof  fiberglass  enclosure.  The  fully  loaded 
enclosure  weighs  approximately  30  pounds,  (1  lb  =  454g) 
and  is  readily  portable.  In  the  field,  the  three  orthogonally 
arranged  sensor  heads  are  oriented  with  the  x-sensor 
pointing  east,  the  y-«ensor  pointing  north,  and  the 
z-sensor  pointing  vertical.  A  36  meter  cable  connects  the 
sensor  unit  to  the  external  amplifier  unit  which  consists  of 
an  amplifier,  a  40  Hz  low-pass  filter,  and  a  60  Hz  notch 
filter  for  each  axis  of  operation.  For  general  operations,  a 
spectrum  analyzer  (HP  3561A)  is  used  to  observe 
real-time  power  spectra,  and  a  magnetic  tape  data 
recorder  (Honeywell  101)  is  used  for  data  recording. 

We  operate  a  ULF-ELF  station  at  the 
NAVOCEANSYSCEN  Low  Frequency  Noise  Laboratory 
in  San  Diego,  and  another  one  at  a  remote  mountain 
station  in  La  Posta,  California,  roughly  100  km  east  of  San 
Diego  and  20  km  north  of  the  US  Mexican  border.  Fig.  2 
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Fig  1.  Diagram  of  one  axis  of  the  NAVOCEANSYSCEN  three-axis 
search  coil  magnetometer  system.  Insert  shows  coil  orientations. 


Fig  2.  Diagram  of  the  NAVOCEANSYSCEN 
remote  site  set-up.  The  magnetometer 
system  is  the  same  as  that  shown  in 
Fig  1. 

shows  a  schematic  plan  of  the  icmote  station  setup.  It  uses 
a  personal  computer,  Fast  Fourier  Transform  (FFT)  and 
telecommunications  software,  and  a  high-speed  modem  in 
its  operation. 

The  search  coil  magnetometer  systems  can  measure  minute 
changes  in  the  ambient  magnetic  field.  Fig.  3  shows  the 
calibration  chart  of  one  axis  of  our  magnetometer  system. 
The  output  response  increases  linearly  with  frequency 
because  the  coil  sensors  measure  the  derivative  of  the  field 
and  not  the  field  itself.  From  this  calibration  chart,  we  can 
estimate  the  minimum  field  changes  expected  in  the  0.1  - 
■40  Hz  range.  The  self-noise  of  the  system  is  approximately 
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Fig  3.  Calibration  curve  of  the 
NAVOCEANSYSCEN  search  coil 
magnetometer  system  in  volts/gamma 
versus  frequency.  Solid  line  indicates 
measured  values,  dashed  line  indicates 
extrapolated  values.  Low  pass  cutoff 
at  40  Hz  and  notch  filtering  at  60  Hz 
are  clearly  seen. 

2.5  mV  (rms)(Hz)-1/2.  At  5  Hz,  the  system  outputs  5 
volts/7  (17=1  nano-Tesla).  An  ambient  signal  to 
generate  an  output  above  the  self-noise  requires  a  signal  of 

0.0005  7  (Hz)-1/2  or  0.5  milii-7  (Hz)"1/2.  This  order  of 
sensitivity  of  the  magnetometer  system  used  is  similar  to 
that  of  the  US  Geological  Survey  (USGS)  as  described  in 
(7),  to  that  of  Van  Bise  and  Rauscher  (8-10),  but 
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some* hit  less  sensitive  to  that  used  by  the  University  of 
California,  at  Berkeley  (UCB)  as  is  also  described  in 
(6).This  order  of  sensitivity  is  generally  sufficient  for  most 
geophysical  research  because  the  ambient  background  noise 
levels  are  somewhat  higher  than  the  minimnm  levels  that 
cm  be  measured.  By  contrast,  fluxgate  magnetometers 

have  a  sensitivity  of  only  0.1  7  (Hz)-1/2;  and  as  a  result 
interesting  precursor  phenomena  could  be  missed  due  to 
this  lack  of  sensitivity. 

3.  Evidence  of  Pre-Earthquake  ULF  Signals  in  Scut  hem 
California 

The  Pacific  coastal  mountain  ranges  of  Canada,  the  United 
States  and  Mexico,  represent  recent  crustal  deformations, 
resulting  from  the  tectonic  movement  of  the  Pacific  plate 
along  several  fault  systems.  The  America-Pacific  plate 
boundary  forms  part  of  the  so  called  "ring  of  fire"  which 
also  includes  the  Aleutian  Islands,  Japan,  and  the  South 
Pacific  Islands.  The  Pacific  plate  is  moving  northwest  with 
respect  to  the  America  plate  at  an  average  rate  of  6  cm  per 
year.  The  slippage  rate  is  less  than  6  cm  per  year,  and  is 
made  up  by  seismic  crustal  events.  The  San  Andreas 
Fault,  which  forms  part  of  the  plate  boundary  in 
California,  runs  from  San  Francisco  in  the  north  to  El 
Centro  in  the  south.  Two  major  adjustments  of  the  Pacific 
plate-  America  plate  system  occurred  in  the  San  Francisco 
area  in  1906  (M$  =  8.3),  and  in  the  San 

Bemardino-Parkfield  region  just  north  of  Los  Angeles  in 
1857  (Mg  =  8  0).  The  Loma  Prieta  earthquake  of  1989  (Ms 

=  7.1)  represented  a  comparatively  minor  adjustment.  In 
Southern  California,  the  strain  has  been  accumulating 
since  1857;  a  large  quake  is  expected  within  30  years  along 
the  San  Jacinta  fault  zone  near  Anza,  Ca.  Fig.  4  shows  the 
.najor  fault  systems  in  the  Southern  California  region 
together  with  the  locations  of  San  Diego  and  I,a  Posta, 
where  the  NAVOCEANSYSCEN  ULF-ELF  observing 
stations  are  located.  The  many  active  fault  systems  in  this 
region  make  it  one  of  the  most  active  seismic  regions  in  the 
world.  Many  universities,  research  laboratories,  and  the 
USGS  have  contributed  to  two  major  seismic  monitoring 
sites;  one  located  at  Parkfield,  CA  along  the  north-central 
San  Andreas  fault  some  250  km  north  of  Los  Angeles  (11), 


Fig  4.  Detail  of  the  active  fault 
systems  in  the  San  Diego  region. 
Locations  of  Upland,  La  Post*,  and  San 
Diego  are  shown.  Location  of  pinon 
Flat  Observatory  is  marked  with  "x". 


and  the  other  located  at  Pinon  Flat,  150  kin  south-east  of 
Los  Angeles  and  30  km  east  of  Anza,  Ca.(?ig.  -4)  to 
monitor  activities  along  the  San  Jacinto  fault  which  is  one 
of  several  active  strike-slip  faults  in  Southern  California, 
sub-parallel  to  the  main  San  Andreas  fault. 
NAVOCEANSYSCEN  has  contributed  an 

ULF-ELF-VLF  monitoring  station  to  the  Pinon  Flat 
Observatory,  whereas  the  Stanford  University  STAR 

(Space,  Telecommunications  and  Rsdiosdence)  Lab  has 
installed  a  low-frequency  monitoring  station  at  the 
Parkfield  observatory. 

The  NAVOCEANSYSCEN  monitoring  stations  at  San 
Diego  and  La  Posta  were  originally  used  to  monitor  ELF 
signals  emanating  from  the  ionosphere  when  the 
ionosphere  was  perturbed  by  the  passage  of  a  space  vehicle 
(12).  For  those  purposes,  the  power  spectrum  ranging  from 
0.1  Hz  —  40  Hz  is  recorded  routinely.  The  San  Diego 
station  has  collected  background  noise  signature  records 
starting  since  January  1990,  and  the  La  Posts  station  since 
May  1990.  The  data  sets  consist  of  averaged  noise 
background  power  spectra  down-loaded  once  or  twice 
daily. 

The  data  reported  in  this  paper  were  taken  from  these  sets 
of  background  noise  recordings  and  differs  in  format  from 
the  typical  geophysical  format,  consisting  of  continuous 
records  of  the  amplitude  of  signals  within  a  narrow 
frequency  band.  The  NAVOCEANSYSCEN  data  sets 
consist  of  time-averaged  power  spectra.  The 
NAVOCEANSYSCEN  data  processing  and  display  is 
being  expanded  to  reflect  a  more  narrow  band  format, 
similar  to  that  used  by  the  Stanford  STAR  Lab  and  others 
(3),  yet  covering  the  entire  frequency  s,  ectrum  of 
relevance. 

As  is  well  known,  signals  in  the  frequency  range  of  0.1  -  5 
Hz  can  originate  from  various  sources  within  the 
magnetosphere  and  ionosphere  (13).  However,  ascribing 
some  of  the  signals  in  this  range  to  geological  processes  is 
still  debatable.  On  Apnl  16,  1990  the  0.1  -  5  Hz  band 
seemed  particularly  active  as  observed  with  a  spectrum 
analyzer.  Not  only  was  the  averaged  noise  amplitude 
higher  than  usual  but  the  noise  processes  were  also  also 
fluctuating  more  rapidly  than  usual.  Fig.  5  shows  the  noise 
background  power  spectrum  on  a  quiet  day  (April  10, 
1990),  long  before  the  earthquake  precursor  arrived.  Fig.  6 
shows  the  power  spectra  taken  on  April  16, 1990;  the  0.1  - 
5  Hz  power  spectra  region  is  elevated  (+7  dB)  over  the 
quiet  levels.  On  that  day,  the  magnetosphere  was  quiet,  so 
this  broadband  noise  cannot  be  attributed  to 
magnetospheric  noise.  Fig.  7  shows  the  power  spectrum 
taken  on  Apnl  17,  1990  at  10:00  PST  (18:00  UT);  the  O.i 
to  5  Hz  levels  are  still  elevated.  On  April  17,  1990,  at 
15:32  a  moderate  (M$=  4.6)  earthquake  struck  near 

Upland  CA,  200  km  north  of  San  Diego.  Fig.  8  shows  the 
power  spectra  taken  at  17:30,  two  hours  after  the  quake; 
the  ULF  activity  has  begun  to  recede.  Fig  9  shows  the 
power  spectrum  taken  on  April  18,  1990;  the  ULF  activity 
has  been  reduced  close  to  the  quiet  backround  level.  This 
series  of  observations  points  to  possible  correlation  of  high 
ULF  activity  with  the  April  17,  1990  Upland  quake.  A 
particularly  striking  observation  is  that  the  ULF  activity 
diminished  within  a  few  hours  of  the  quake  (as  shown  in 
Fig.  8),  and  then  it  disappeared  after  about  a  day.  We  are 
in  the  process  of  performing  a  careful  analysis  on  the 
statistical  variations  of  the  ULF  and  ELF  background 
levels  over  long  periods  as  a  means  of  attaching  a 
significance  to  the  observations  described  which  in  future 
should  also  be  correlated  to  seismic  records  obtained  for 
tliis  region. 

All  the  data  sets  shown  here  have  been  extracted  from  the 
recordings  taken  from  the  vertically  oriented  sensor.  The 
data  from  the  two  horizontally  oriented  sensors  showed 
less  elevated  activity  in  the  0.1  -  5  Hz  region.  This 
observation  can  be  contrasted  with  the  observation  of 
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pre-quake  emissions  from  the  Loma  Prieta  quake,  in 
which  only  horizontal  sensors  were  available  (3).  Another 
possibility  of  analyzing  the  significance  of  the  orientation 
of  the  sensors  is  to  measure  simultaneously  the  horizontal 
and  vertical  electric  and  magnetic  field  components. 

We  have  performed  preliminary  statistical  analysis  on 
natural  and  cultural  background  noise  levels  during  times 
when  electric  storms,  extra-solar-terrestrial,  and 
earth/sea-quake  activity  were  low.  In  particular,  we, 
analyzed  the  1  Hz  signal  levels  (within  .2  Hz  bandwidth) 
and  the  3-4  Hz  signal  levels  of  the  1990-1991  data 
collected  by  us.  It  has  been  found  that  the  signal  levels 
(average  of  20  spectra)  were  stationary  during  the 
1990-1991  period,  and  the  standard  deviations  are  about 
1.8  dB  and  1.5  dB  for  the  1Hz  and  3-4  Hz  signals, 
respectively..  Thus  the  observed  increase  of  5-8  dB  above 
the  quite  background  level  during  the  Upland  earthquake 
episode  is  significant.  We  emphasize  that  our  statistical 
analysis  is  still  preliminary  and  we  encourage  more 
investigations  of  a  general  nature  in  this  area. 


90  April  10, 1500  (2300  UT),  Z-axls 


10  20  30 


Frequency  (Hz) 

Fig  5.  Typical  background  power 
spectrum  data  taken  with  the 
vertically  oriented  search  coil 
sensor,  o.i  to  5  Hz  is  relatively 
flat.  Actual  time  series  data 
superimposed  on  top.  (average  of  1.00 
frames) 


90  April  16, 1100  (1900  UT),  Z-axls 


Fig  6.  Data  taken  with  the  vertical 
search  coil  sensor  one  day  before  the 
Upland  quake  of  April  17,  1990, 
showing  high  activity  in  the  o.l  to  5 
Hz  range,  (average  of  100  frames) 


90  April  17, 1 500  (2300  UT),  Z-axis 


Fig  7.  Data  taken  with  the  vertical 
search  coil  sensor  32  minutes  before 
the  Upland  quake.  Continuing  high 
activity  in  the  0.1  to  5  Hz  range, 
(average  of  100  frames) 


90  April  17, 1730  (0130  UT),  Z-axls 


Fig  8.  Data  taken  with  the  vertical 
search  coil  sensor  90  minutes  after 
the  Upland  guake.  0.1  to  5  Hz  activity 
has  diminished  within  this  90  minutes 
interval,  (average  of  100  frames) 


90  April  18, 0900  (1800  UT),  Z-axls 


Fig  9.  Data  taken  with  the  vertical 
search  coil  sensor  one  day  after  the 
Upland  quake.  O.l  to  5  Hz  activity  has 
almost  returned  to  the  typical 
background  levels,  (average  of  100 
frames) 
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4.  Possible  Mechanisms  of  Seismo-Electromagnetic 
Emissions 

Our  present  knowledge  of  seismo-electromagnetic  effects  is 
still  very  incomplete.  This  is  especially  true  of  the 
preparatory  phase  before  the  occurrence  of  an  earthquake. 
Laboratory  experiments  in  rock  fracturing,  piezoelectricity, 
and  triboelectricity  have  been  performed  on  a  sample  scale 
much  smaller  than  the  naturally  occurring  rock  sizes  to  be 
expected  in  pertinent  fault  zones.  Hence,  we  can  only  infer 
from  these  experiments  the  effects  that  could  occur,  which 
also  require  high— sensitivity  micro-seismic  test 
verification.  In  the  following  sections,  short  summaries  of 
the  nature  of  seismo-electromagnetic  effects  and  other 
ULF  generating  mechanisms  will  be  presented. 

In  general,  there  are  three  classes  of  sources  for 
seismo-electromagnetic  emissions:  electric,  magnetic  and 
acoustic.  Of  course,  combinations  of  sources  can  occur. 
The  best  known  and  most  studied  sources  are  the  electric 
ones.  Piezoelectric  effects  occur  when  certain  silica  rocks, 
which  contain  piezoelectric  crystals,  are  subjected  to 
pressure  and  stress.  The  crystals  become  slightly  deformed 
and  a  displacement  of  the  positive  ions  (with  respect  to  the 
negative  ones)  takes  place.  The  net  result  is  a  large  electric 
Geld  in  the  vicinity  of  the  crystals.  Direct  laboratory 
measurement  of  electromagnetic  emissions  from  stressed 
rocks  show  broadband  emissions  in  the  1  -  10  MHz  region 
(14).  We  did  not  observe  this  type  of  radiation.  It  is 
reported,  however,  in  reference  (16),  that  the  larger  the 
rock  sample  is,  the  lower  the  observed  frequencies  of 
emission,  and  that  a  lower  limit  has  yet  to  be  established. 
The  piezoelectric  effect,  however,  can  raise  the  static 
geoelectric  Geld.  According  to  reference  (15),  an  increase  of 
the  geoelectric  Geld,  typically  several  hundred  V/m,  by  an 
order  of  magnitude  will  change  the  ionospheric  electric 
Geld  by  10  to  100  mV/m.  These  calculations  assume  that 
the  surface  extent  of  the  disturbance  is  larger  than  the 
ground-to-ionosphere  separation.  The  electric  Geld 
changes  will  affect  the  electron  density,  the  ionospheric 
conductivity,  and  the  overall  height  of  the  lower 
ionosphere.  These  changes,  if  varied  over  time,  will  be  seen 
as  ULF  signals.  It  showd  be  noted  that  the  upper  mantel 
and  the  earth’s  crust  contain  about  60%  SiOj  (17).  Thus 

it  is  to  be  expected  that  piezoelectric  effects  play  a  major 
role  in  in  seismoclectromagnetology.  Triboclectrifrication 
(charge  separation  by  friction),  and  piezoelectriciGcation 
(or  rock  fracturing)  can  create  non-stationary  surface 
electric  charges  in  seismic  preparatory  areas  (l8).  Moving 
charges  change  the  geoelcctric  Geld  and  induce  changes  in 
the  ionosphere  which  are  seen  as  ULF  and  ELF  signals. 

Recent  experimental  studies  have  found  that  double 
electric  layers  (DEL’s)  are  strong  sources  of 
electromagnetic  radiation  (19).  DEL's  are  formed  during 
the  fracturing  of  piezoelectric  crystalline  rock  formations, 
in  which  opposite  sides  of  cracks  have  opposite  charges. 
Many  such  charge  areas  form  a  charge  mosaic  which  can 
be  modeled  by  a  set  of  capacitors  (i.e.,  dipoles).  These 
dipole  elements  give  off  radiation  when  an  acoustic  wave 
passes  through,  or  if  strain  changes  tne  dipole  parameters. 
Calculations  show  that  the  radiation  lies  in  the  1  -  100 
MHz  range,  which  is  too  high  to  explain  our  observations. 
DELs  in  contact  with  electrolytes  will  generate  lower 
frequency  radiation,  in  the  1  kHz  - 10  kHz  region,  which  is 
again  too  high  to  explain  our  observation.  However,  DEL 
formation  may  explain  the  observation  of  VLF  signals 
before  and  during  earthquakes,  as  reported  by  Yoshino 
(20). 

VLF  emissions  are  likely  to  be  detected  only  before  large 
earthquakes  -  when  the  magnitude  on  the  Richter  scale  is 
greater  than  Mg  =  7.  Yoshino  et  al.  (5)  used  several 

locations,  each  with  a  north-south  and  east -west  loop,  for 
the  detection  of  VLF  effects  at  81  kHz.  A  change  in  ground 
conductivity  associated  with  dilatancy  causes  depressions 
in  the  strength  of  the  received  VLF  signals  or  noise 
channels  (4).  These  phenomena  have  occurred  before 
magnitude  6.0  earthquakes  (4)  and  also  before  volcanic 
eruptions  (20). 


Ionic  crystal  dislocation  has  produced  electromagnetic 
radiation  in  the  laboratory  at  ELF  frequencies  (14).  The 
electromagnetic  frequencies  produced  depend  on  the 
repetition  rate  of  fractures.  Because  ionic  fracture  does  not 
produce  equal  positive  and  negative  dipole  moments,  a  net 
radiation  effect  is  produced.  Laboratory  experiments 
produced  effects  up  to  1  kHz.  Again  the  frequencies 
produced  in  the  laboratory  depend  on  the  sample  sizes 
(14).  In  the  fault  plane,  ELF  radiation  is  greatly 
attenuated  as  it  passes  to  surface,  leaving  only  ULF 
emissions. 

Seismic  stress  relaxation  causes  seismo-electric  activity 
which  is  associated  with  dilatancy.  In  regions  of  the  fault 
zone,  where  there  is  dilatancy  (as  opposed  to  compression) 
the  conductivity  of  the  ground  will  at  Grst  increase  and 
then  will  undergo  a  matked  decrease  (21).  Heating 
eventually  evaporates  water,  which  in  turn  lowers  the 
conductivity  (except  near  the  fault  face).  Friction  causes 
the  fault  face  to  collect  and  concentrate  vapor  and  charges. 
If  this  charge  accumulation  is  released,  it  may  produce 
effects  such  as  corona  discharges  (  Saint  Elmo's  Fire)  or 
lightning.  These  effects  are  called  earthquake  lights  (22). 
Also,  marked  changes  in  the  earth’s  electric  Geld  nave  been 
noted,  which  require  further  analysis. 

Magnetic  sources  of  ULF  signals  include  earth  currents 
and  changes  in  the  earth’s  permeability  (23,  24)  which 
seem  to  present  one  of  the  most  likely  candidates  for  the 
observed  effects.  Electrokinetic  phenomena  occur  in  the 
conducts  e  part  of  the  fault  face  and  present  a  model  for 
the  generation  of  earth  currents  during  the  earthquake 
stress  accumulation  preparatory  period  (15,  25).  Seismic 
stress  causes  the  percolation  of  ground  water  through 
porous  rocks.  This  flow  of  Quid,  under  certain 
circumstances,  gives  rise  to  an  electric  current  through  an 
electrokinetic  effect.  A  current  will  only  exist  if  the  fluid 
flows  through  a  region  inhomogeneous  in  resistivity, 
permeability  or  coefficient  of  streaming  potential.  The 
sticaming  potential  is  created  when  a  liquid  is  forced 
through  a  porous  medium.  Electro-osmosis  exerts  an 

electromotive  force  which  causes  fluid  percolation.  These 
underground  currents  can  be  detected  as  disturbances  to 
the  local  electro-telluric  potential.  The  effects  of  ionic 
dislocation  and  electrokinetic  phenomena  produce  ULF 
and  ELF  signals  which  must  pass  to  the  surface.  Because 
attenuation  in  the  earth  is  proportional  to  the  square  root 
of  frequency,  commonly  only  the  ULF  signals  are  observed. 
Frasier-Smith  observed  signals  in  the  0.01  -  0.5  Hz  range 
just  before  the  October  17  1989  Loma  Prieta  earthquake 
by  a  horizontal  coil  antenna  (3)  placed  along  the  magnetic 
E-W  direction..  Ar.  electrokinetic  model  involving  deep 
ground  water  flow  was  recently  developed  at  the  STAR. 
Laboratory  to  interpret  the  Loma  Prieta  observations  (26) 
which  deserves  serious  consideration. 

If  a  natural  electrotelluric  potential  gradient  exists  along 
the  fault  face,  then  currents  will  flow.  Geomagnetic 
pulsations  arising  from  the  magnetosphere  and  reaching 
into  the  ground  will  also  induce  ground  currents  along 
conductive  paths  in  the  earth,  such  as  those  observed 
during  solar  terrestrial  storms  and  especially  along  electric 
power  transmission  systems  in  auroral  and  sub-auroral 
regions  (27,  28). 

In  the  last  decade,  three-dimensional  imaging,  or  seismic 
tomography  has  enabled  scientists  to  probe  in  detail  the 
properties  of  the  crust,  upper  mantel,  lower  mantel,  outer 
core,  and  inner  core  (29)  except  for  locating  deep  ground 
water  resources  and  deep  aquifers.  However,  along  with 
deep  sounding  magnetictelluric  profiling,  it  is  now  realized 
that  current  systems  of  charge,  heat  and  fluids  much  larger 
and  more  complex  than  thought  previously,  flow  in  the 
upper  to  lower  mantel  of  the  earth  (17).  Those  current 
systems  generate  the  major  portion  of  the  static 
geomagnetic  field  on  the  surface  of  the  earth.  However,  it 
is  still  not  known  how  strongly  the  crustal  plates  are 
coupled  to  the  interior  electric  current  systems.  If  the 
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coupling  is  significant,  then  crustal  deformation  may  have 
an  indirect  effect  on  the  earth’s,  static  geomagnetic  field 
and  should  be  seen  as  small  variations  of  the  large  static 
field  of  approximately  1/2  Gauss. 

Another  seismomagnetic  effect  occurs  when,  the 
permeability  of  the  underlying  rocks  changes.  Certain 
rocks  under -stress  increase  their  magnetic  permeability 
and  will  either  enhance  or  oppose  the  earth’s  magnetic 
field.  This  effect  is  called  tectomagnetism  and  can  be 
duplicated  in  the  laboratory  with  piezomagnetic  materials 
(30).  The  time  period  for  this  phenomenon  is  of  the  order 
of  days.  DC  magnetic  field  perturbations  caused  by  rock 
magnetic  aniostrophy  were  noted  in  the  1976  Tang-Shan 
North  China  earthquake  (31).  ULF  ana  DC 
volcano-magnetic  effects  were  noted  during  and  before  the 
1980  Mount  St.  Helens  eruption  (32). 

Acoustic  waves  have  already  been  mentioned  in  connection 
with  DELs  in  the  generation  of  high  frequency 
electromagnetic  radiation.  However,  acoustic  mechanisms 
can  directly  generate  ULP,  ELF  and  VLF  emissions 
through  interactions  with  the  ionosphere.  There  are  two 
possible  mechanisms.  The  first  is  the  production  of  long 
period  acoustic-gravity  waves  by  numerous  microshocks 
before  the  earthquake  and  by  the  main  shock  (33).  One 
possible  response  of  the  ionosphere  is  the  production  of 
medium-scale  traveling  ionospheric  disturbances  in  the 
mid-latitude  regions  (34).  ULF  magnetic  disturbances 
were  caused  by  this  form  of  acoustic  magnetic  coupling  at 
the  time  of  Mount  St.  Helens  eruption  (35).  Low  frequency 
gravity  waves  propagate  azimuthally  around  the  earth 
while  higher  frequency  acoustic  waves  are  bent  upv>»rd 
toward  the  magnetosphere  (36).  A  second  mechanisr.  is 
the  launching  of  acoustic  waves  from  seismic  waves. 
acoustic  waves,  amplified  through  the  atmosphere  because 
of  the  decreasing  atmospheric  density  with  increasing 
height,  induce  VLF  emission  levels  which  have  been 
detected  by  satellites  (33). 

5.  Discussion  and  Interpretation 

The  intriguing  observation  at  NAVOCEANSYSCEN  of 
high  ULF  activity  during  the  Upland  earthquake  episode 
of  April  17,  1990  raises  the  question  of  the  nature  of  the 
observed  emissions.  The  extent  of  the  fault  face  is  too 
small  to  directly  generate  propagating  ULF 
electromagnetic  emissions.  However,  induction  fields  may 
be  observed  near  the  fault.  Induction  fields  seen  200  km 
away  (the  distance  from  San  Diego  to  Upland),  will  at  best 
be  dipole-type  fields.  Dipole  fields  decrease  with  the  cube 
of  the  distance.  In  order  for  dipole  fields  to  be  observed 
200  km  away,  the  field  strength  near  the  source  must  be 
enormous  and  would  cause  widespread  disruption  of 
electrical  equipment.  Because  this  was  not  reported  to 
have  occurred,  induction  fields  from  the  fault  epicenter 
could  not  be  the  cause  of  the  ULF  signals.  We  conclude 
that  these  signals  originated  from  the  ionosphere  and  that 
hydromagnetic  waves  excited  within  the  ionosphere  are 
the  likely  sources  of  these  signals. 

Acoustic  waves  launched  from  the  epicenter  region  and 
rapid  geoelectric  or  geomagnetic  field  changes  can  couple 
into  the  ionosphere  to  generate  hydromagnetic  waves 
traveling  along  the  ionospheric  fluid  layer.  Hydromagnetic 
waves  can  be  detected  when  they  are  directly  overhead  and 
their  evanescent  fields  reach  into  the  ground.  The 
measurements  taken  from  all  of  three  axes  indicated  that 
only  the  vertical  (a)  axis  showed  significant  ULF  activity 
prior  to  the  Upland  earthquake  event.  This  observation  is 
consistent  with  the  hypothesis  that  we  detected  evanesent 
fields  whose  sources  were  overhead. 

Another  possibility  related  to  the  above  theories  is  the 
concept  of  field  line  resonance  (37).  In  field  line  resonance, 
hydromagnetic  waves  cause  oscillations  of  the  geomagnetic 
field  lines  in  ways  similar  to  the  plucking  of  a  string.  The 
oscillating  field  lines  should.be  detected  in  the  vertical 
sensor  and  the  northerly  oriented  horizontal  sensor.  The 


vertical  component  of  the  geomagnetic  field  at  San  Diego 
on  average  is  nearly  twice  as  large  as  the  N-S  horizontal 
component  with  the  E-W  horizontal  component  bang 
negligible  (0.44  G  vertical,  0.24  G  :  N-S,  0.06  G  :  E-W), 
and  thus  we  would  expect  a  larger  signal  from  the  vertical 
sensor.  This  hypothesis  of  field-riine  resonance  also  appears 
to.be  consistent  with  our  observations  of  strong  activity  in 
the  vertical  sensor  and  weak  activity  in  the  horizontal 
sensors. 

The-  Stanford  observation  of  high  ULF  activity, 
particularly  in  the  0.01  -  0.5  Hz  range,  just  prior  to  the 
Loma  Prieta  earthquake  of  October  17,  1989,  was  recorded 
only  7  km  from  the  epicenter.  In  addition,  only  one 
horizontally  oriented  sensor  was  available.  It  is  believed 
that  the  Stanford  STAR  Lab  ULF  sensor  was  detecting 
only  local  induction  fields  wliich  should  be  detectable  in  all 
three  axes.  Moreover,  the  Stanford  ELF-VLF  sensors, 
horizontally  oriented  (magnetically  E-W),  were  not  able 
to  detect  precursor  emissions  52  km  from  the  epicenter  at 
another  STAR  Lab  observatory.  Thus,  if  our  hypothesis  is 
correct,  distant  quake  precursor  events  can  be  detected 
primarily  with  the  vertically  oriented  sensor  while  all  three 
axes  can  be  used  to  detect  precursors  to  local  quakes, 
which  is  also  consistent  with  the  recent  electrokinetic 
modeling  results  from  the  STAR  Laboratory  showing  that 
deep  ground  water  flow  arising  from  the  prequake 
preparatory  phase  could  result  in  detectable  ULF 
signatures  (36).  Several  three-axis  magnetic  and  electric 
field  sensor  systems  should  be  used  to  test  the  feasibility  of 
triangulation.  Earthquakes  of  magnitudes  M?  =  4  or  larger 

are  good  candidates  for  this  method  of  precursor  ULF 
detection. 

6  Summary  and  Conclusion 

We  have  briefly  described,  geographically  and  geologically, 
the  Southern  California  region.  Some  of  the  regional  faults 
form  part  of  the  boundary  between  the  Pacific  plate  and 
the  America  plate.  Because  of  the  blocking  nature  of  the 
San  Bernardino  Mountains  near  Los  Angeles,  the  Pacific 
plate  cannot  slip  past  and  locks  onto  the  thicker  crust. 
Tremendous  stresses  are  built  up,  and  the  Southern 
California  region  breaks  up  into  a  region  composed  of 
several  major  fault  lines  and  numerous  smaller  fault  lines; 
the  fault  concentration  is  greater  than  most  other  regions 
in  North  America.  Similar  fault  concentrations  exist,  such 
as  the  U.S.  Midwest  New  Madrid  fault  zone,  and  the 
Aleutian-Alaska  arc  extending  down  to  Vancouver  Island. 

We  have  described  our  equipment,  of  which  the  most 
important  was  the  three-axis  search  coil  magnetometer 
system.  The  search  coil  sensors  are  sensitive  to  at  least 

0,001  7  (Hz)-1/2,  which  is  two  orders  of  sensitivity  better 
than  the  fluxgate  sensors  geophysicists  typically  use.  This 
improved  sensitivity  allows  for  the  observation  of  weak 
ULF  signals  which  otherwise  would  not  be  detected.  We 
next  discussed  the  observation  of  broadband  ULF  signals 
in  the  0.1  -  5  Hz  range  before  the  Upland  quake  of  April 
17,  1990.  The  large  pre-quake  ULF  activity,  the  rapid 
decay  of  ULF  activity  after  the  auake,  and  the  absence  of 
any  geomagnetic  storms  indicated  a  possible  correlation  of 
the  ULF  activity  with  the  Upland  quake.  Next,  we  briefly 
described  the  various  hypotheses  concerning  the 
generations  of  ULF,  ELF,  and  VLF  signals  by  seismic 
activity.  These  hypotheses  include: 

(t)  the  generation  of  surface  charges  by 
pi ezoelec t ri Gcation,  triboelectrification,  or  rock 
fracturing; 

(it)  acoustic  interaction  with  dipole  charge  layers; 
(itt)  electrokinetic  generation  of  earth  currents 
through  groundwater  flow; 

(tv)  piezomagnetic  changes  in  the  underlying  rocks; 

( v )  acoustic  coupling  to  the  ionosphere. 
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Except  for  the  double-charged  layer  hypothesis,  all  these 
effects  can  potentially  affect  the  ionosphere  which  can,  in 
turn,  produce  traveling  waves  that  can  be  detected  at 
great  distances  from  the  fault  zone.  Finally,  we  interpreted 
our  data  to  be  observations  of  evanescent  fields  of 
ionospheric  waves  traveling  overhead.  We  came  to  this 
conclusion  because  we  detected  activity  from  the  vertical 
axis  but  little  from  the  two  horizontal  axes.  If  significant 
activity  were  indeed  observed  from  the  northerly  oriented 
horizontal. axis,  then  the  field  line  resonance  model  of  an 
oscillating  geomagnetic  field  would  need  to  be  used  as  well. 
The  major  mechanisms  that  couple  the  pre-earthquake 
changes,  within  the  earth’s  interior,  to  the  ionosphere  are 
unclear  at  present.  However,  these  observations  give  rise  to 
the  hope  that  at  least  some  earthquakes  may  be  predicted 
'.nrough  the  monitoring  of  precursor  ULF  signals.  We  are 
presently  expanding  our  research  by  building  more 
monitoring  sites  ana  improving  our  electric  and  magnetic 
field  measurement  systems,  data  collection,  formatting, 
and  data  processing  capabilities. 

Finally,  as  a  result  of  this  study,  it  is  hoped  that  increased 
cooperation  between  U.S.,  Canadian,  Japanese,  European 
and  other  seismo-electromagnetologists  emerges  in  order 
to  obtain  an  improved  understanding  of  the  underlying 
mechanisms  of  these  newly  discovered  phenomena. 
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1.  SUKKAXT 

Aerosol  extinction  is  one  of  the  primary 
factors  limiting  the  performance  of  systems 
which  rely  on  visible  or  infrared  radiation 
in  the  atmosphere.  Lidar  (light  detection 
and  ranging)  systems  have  been  used  to 
measure  the  radiation  backscattered  to  a 
receiver  by  aerosols  in  an  attempt  to  deter¬ 
mine  extinction.  However, the  technique  of 
inverting  the  power  returned  to  a  single- 
ended  lidar  to  obtain  range-dependent  ex¬ 
tinction  coefficients  requires  a  knowledge 
of  the  relationship  between  the  volumetric 
backscatter  and  extinction  coefficients 
along  the  path.  If  the  atmosphere  can  be 
shown  to  be  horizontally  homogeneous,  the 
need  for  knowing  the  relationship  between 
backscatter  and  extinction  can  be  eliminated 
by  comparing  the  powers  received  frou  each 
altitude  along  two  or  more  different  eleva¬ 
tion  angles,  and  the  extinction  coefficient 
variation  in  the  vertical  direction  can  be 
readily  determined.  In  this  paper,  a  review 
is  presented  of  past  efforts  to  determine 
atmospheric  extinction  from  sincile-ended 
lidar  measurements  of  backscatter,  and  the 
assumptions  made  concerning  the  backscatter 
/extinction  relationships.  The  degree  to 
which  the  aerosols  within  the  convectively 
mixed  atmosphere  can  be  expected  to  be 
horizontally  homogeneous  is  also  discussed. 
The  conclusions  are  that  unless  the  extinc- 
tion/backscatter  relationship  is  known,  or 
that  the  atmosphere  is  horizontally  homoge¬ 
neous  over  the  propagation  path,  the  accura¬ 
cies  of  extinction  coefficients  determined 
by  a  single-ended  lidar  cannot  be  assured. 

2.  INTRODUCTION 

The  utility  of  a  monostatic  lidar  system  as 
a  remote  sensor  for  obtaining  temporal  and 
spatial  information  about  the  dynamic  pro¬ 
cesses  of  the  atmosphere  is  well  estab¬ 
lished.  By  measuring  the  power  backscat- 
tered  from  a  laser  pulse  at  a  given  range  to 
a  receiver,  the  movement  ...a  relative  con¬ 
centrations  naturally  occurring  aerosols,  of 
industrial  pollutants  or  battlefield 
obscurants  can  be  monitored,  and  the  bases 
of  clouds  determined.  Remote  mapping  of  wind 
velocities  and  flow  patterns  over  large 
portions  of  the  atmosphere  can  also  be 
carried  out.  In  these  applications,  the 
lidar  is  used  as  a  tracer  of  aerosols  which 
scatter  the  incident  radiation  rather  than 
a  probe  for  studying  the  aerosols'  optical 
properties.  There  is  an  extensive  amount  of 
literature  published  on  the  merits  and 
performance  of  aerosol  tracer  lidar  tech¬ 
niques  (which  need  not  be  repeated  here) . 
Other  lidar  systems  (Differential  Absorption 


or  DIAL  and  Raman)  which  utilize  a  wave¬ 
length  dependence  or  frequency-shifted  re¬ 
radiation  of  absorption  spectra  in  the 
atmosphere  have  been  used  to  obtain  vertical 
profiles  of  concentrations  of  various  gases. 

The  use  of  visible  and  infrared  electro- 
optical  systems  for  and  weapons  and  sensor 
systems  require  the  capability  to  predict 
how  radiation  interacts  with  atmospheric 
aerosols  in  the  marine  environment.  For  a 
given  aerosol  size  distribution,  extinction 
can  be  determined  from  Hie  theory  assuming 
that  they  scatter  and  absorb  radiation  as  if 
they  were  spheres  of  known  refractive  indi¬ 
ces.  For  example,  in  the  well-mixed  marine 
boundary  layer,  relative  humidities  are 
usually  high  enough  that  most  of  the  aero¬ 
sols  are  hydrated,  taking  on  a  spherical 
shape.  But  above  the  layer,  where  relative 
humidities  are  lower,  aerosols  may  be  non- 
spherical.  In  such  cases,  the  optical 
properties  predicted  for  spheres  may  differ 
by  as  much  as  an  order  of  magnitude  form 
those  observed.  Estimates  of  slant-path 
visibilities  are  required  as  inputs  to 
computer  codes  for  scaling  selected  aerosol 
size  distribution  models  with  altitude  to 
predict  the  performance  of  electrooptical 
S',  -stems.  Lidars  have  been  used  to  determine 
a.rosol  extinction.  However,  the  technique 
of  inverting  the  power  returned  to  a  sing!  2- 
end«*J  lidar  to  obtain  range-dependent  aero¬ 
sol  extinction  coefficients  have  not  yet 
resulted  in  techniques  or  instruments  with 
assured  accuracy.  In  this  pacer,  past 
efforts  to  use  lidar  to  measure  aerosol 
extinction  are  briefly  reviewed,  and  the 
difficulties  are  pointed  out  which  need  to 
be  overcome  before  lidars  can  become  opera¬ 
tionally  useful  probes  for  aerosol  extinc¬ 
tion. 

3.  SOLUTIONS  TO  THE  LIDAR  EQUATION 

The  single-scatter  lidar  equation  is  given 
by  the  relation 


S\r)  »ln[P(r)r,)-lnK->ln/3(r)  -2jJo(r')dr'  (1j 


In  this  equation  P(r)  is  the  power  received 
from  a  scattering  volume  at  range  r,  K  is 
the  instrumentation  constant,  and  p(r)  and 
o(r)  are  the  volumetric  backscatter  and 
extinction  coefficients,  respectively.  In 
differe'tial  form  this  equation  is 


dS(r) 

~aF~ 


1  mr) 

p{r)  dr 


-  2o (r) 


(2) 
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The  solution  of  equation  (2)  requires  know¬ 
ing  or  assuming  a  relationship  between  p(r) 
and  a( r).  However,  if  the  atmosphere  is 
homogeneous,  the  extinction  coefficient  can 
be  simply  expressed  in  terms  of  the  rate  of 
change  of  signal  with  range,  i.e.  a  =  -1/2 
[ds^r)/dr].  A  plot  of  S(r)  vs.  r  would  then 
yield  a  straight  line  whose  slope  is  -2o. 

Various  authors  (Refs  112)  have  presented 
solutions  to  equation  (2)  by  assuming  a 
functional  relationship  between  backscatter 
and  extinction  to  be  of  the  form 


p(r)  =  Co(r)K  (3) 

where  C  and  k  are  not  dependent  upon  r.  In 
this  case,  only  the  aerosol  number  density 
is  allowed  to  vary  with  range  and  not  the 
size  distribution.  When  the  integration  is 
performed  in  the  forward  direction  from  a 
range  r„,  where  the  transmitted  beam  and 
receiver  field-of-view  overlap,  to  a  final 
range  r,  the  extinction  coefficient  is  given 
by 


a(r)=. 


exp[S(r)] 


exp(S(r.)  ] 


Lfli-2j"exp[S(r')  ]dr' 


(4) 


where  o(r0)  is  the  unknown  contribution  to 
extinction  out  to  the  overlap  range. 

The  instabilities  encountered  in  equation 
(4)  can  be  overcome  by  performing  the  inte¬ 
gration  in  the  reverse  direction  from  a 
final  range,  r„  in  toward  the  transmitter. 
In  this  case  the  extinction  coefficient  is 
given  by, 


o(r) 


„ _ exp[S(r) ) _ 

exptstr,))  „,exp[S(r')]dr' 

Jr 


(5) 


where  o(r()  is  the  unknown  value  of  extinc¬ 
tion  at  the  final  range.  Solutions  to  the 
single-scatter  lidar  equation  have  been 
presented  for  the  reverse  and  forward  inte¬ 
gration  cases  (Ref  3)  where  the  relationship 
between  the  backscatter  and  extinction 
coefficients  is  assumed  to  vary  with  range 
according  to 


p(r)  »  C(r)o(r)‘  (6) 

where  k  is  a  constant.  For  the  forward 
integration  case  the  extinction  coefficient 
as  a  function  of  range  is  given  by 


o(r)  = 


qTK 


exp[S(r)] 


flptSlrlU-2f  ' — - — exp(S(r')  ]dr' 
C(r„)o(r.)  Jr.  c(r') 


(7) 


and  for  reverse  integration  by 


where  the  constant  k  has  been  chosen  to  be 
unity. 


4.  DI8CD88IOM 

Klett  (Ref  1)  discussed  the  instabilities 
inherent  in  equation  (4)  due  to  the  negative 
sign  in  the  denominator  and  the  uncertain¬ 
ties  in  the  boundary  value  o{r„).  In  order 
to  determine  the  appropriate  value  of  o(r„) 
from  the  raw  lidar  return,  the  values  of  C 
and  k  appropriate  for  the  existing  air  mass 
must  be  known.  While  the  value  of  k  is 
usually  close  to  unity,  a  critical  problem 
is  determining  the  proper  choice  of  c.  From 
the  work  of  Barteneva  (Ref  4) ,  a  change 
greater  than  an  order  of  magnitude  can  be 
inferred  in  the  value  of  C  between  clear  air 
and  fog  conditions.  Kunz  (Ref  5)  proposed 
that,  for  situations  where  the  lower  levels 
of  the  atmosphere  appeared  horizontally 
homogeneous,  o(r„)  could  be  determined  from 
the  return  of  a  horizontal  lidar  shot  by 
means  of  the  slope  method,  and  then  used  as 
the  boundary  value  in  equation  (4)  for 
calculating  the  extinction  in  the  vertical 
direction.  This  approach  necessarily  as¬ 
sumes  that  the  ratio  p/o  remains  constant 
with  altitude,  and  that  the  linear  decrease 
of  return  signal  with  range  is  indeed  indic¬ 
ative  a  homogeneous  atmosphere.  Caution 
must  be  applied  in  interpreting  linear 
decreases  of  S(r)  with  range  as  being  relat¬ 
ed  to  homogeneous  conditions.  Kunz  (Ref  6) 
has  reported  examples  of  vertical  lidar 
returns  beneath  clouds  which  seemingly 
originated  from  a  homogeneous  atmosphere 
without  a  reflection  from  cloud  base.  In 
conditions  where  the  aerosol  size  distribu¬ 
tion  is  increasing  with  range,  an  increase 
in  backscattered  power  can  be  balanced  the 
decrease  in  power  caused  by  attenuation. 

While  equation  (2)  is  "stable",  it  is  diffi¬ 
cult  to  use  in  a  practical  sense  unless 
there  is  another  independent  determination 
of  a(r().  For  fog  conditions,  the  first 
term  in  the  denominator  of  equation  (5) 
becomes  negligible,  but  in  these  situations 
the  single  scatter  lidar  equation  is  not 
applicable.  Carnuth  and  Reiter  (Ref  7)  used 
an  approach  to  invert  lidar  returns  beneath 
stratocumulus  clouds  by  assuming  a( rt)  to  be 
equal  to  accepted  values  of  cloud  base 
extinction  coefficient  (10  km'1  S  a-( r,)  s  30 
km'1) .  This  approach  is  still  assumes  that 
p/a  is  invariant  with  altitude.  Lindberg, 
et  al.,  (Ref  8)  have  also  presented  measure¬ 
ments  beneath  stratus  clouds  in  Europe. 
Extinction  coefficients  determined  by  the 
reverse  integration  technique  agreed  reason¬ 
ably  well  with  those  calculated  from  balloon 
borne  particle  measurements  and  point  mea¬ 
surements  of  visibility  when  the  atmosphere 
was  horizontally  homogeneous  and  stable. 
The  method  by  which  c(r()  was  chosen  is  not 
clear  since  the  authors  only  stated  that  an 
iteration  procedure  was  used.  Ferguson  and 
Stephens  (Ref  !))  also  used  an  iterative 
scheme  in  an  attempt  to  select  the  value  of 
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o(r,) .  The  value  of  a( r,)  at  a  close-in 
range  (vhere  the  returned  signal  is  well 
above  the  system  noise V.  was  varied  until  the 
cr(r)  determined  from  equation  (5)  allowed 
calculated  and  measured  values  of  S(r)  to 
agree.  The  chosen  value  of_  <r(r()  was  then 
used  as  <J(r„)  in  equation  (i).  to  integrate 
out  from  the  transmitter.  This  procedure 
requires  the  system  to  be  accurately  cali¬ 
brated  and  the  value  of  p/a  to  be  specified 
and  invariant  with  range'.  Hughes  et  al. 
(Ref  13)  showed  the  extinction  coefficients 
calculated  with  this  algorithm  were  not 
unique  and  were  extremely  sensitive  to  the 
chosen  value  of  p/a.  Bissonnette  (Ref  3) 
pointed  out  that  unless  the  system  calibra¬ 
tions  and  p/a  are  accurately  known,  this 
algorithm  is  no  more  stable  than  the  forward 
integration  solution. 

Carnuth  (Ref  11)  has  attempted  to  ver  fy  the 
reverse  integration  technique  (Klett's 
method)  by  making  measurements  of  the  visual 
range  using  an  integrating  nephelometer  to 
oatain  o(r,)  at  the  end  of  a  slanted  lidar 
path  (7  km)  up  the  side  of  a  mountain. 
Optical  depths  derived  from  a  transmis- 
someter  operated  simultaneously  with  the 
iidar  were  in  agreement  with  those  derived 
from  the  averages  of  several  lidar  returns 
in  cases  where  the  path  appeared  homoge¬ 
neous.  In  other  cases,  discrepancies  were 
observed  which  the  authors  attributed  to  the 
variable  ratio  of  p/a  along  the  path  (in 
addition  to  measurement  errors  and  the 
neglect  of  multiple  scattering  effects) . 
Salemink  et  al.  (Ref  12)  determined  values 
of  a  and  p  from  horizontal  lidar  shots  using 
the  slope  method  when  the  atmosphere  ap¬ 
peared  to  be  horizontally  homogeneous.  They 
then  presented  a  parameterization  between 
values  of  p/a  and  relative  humidity  (33%  S 
RH  S  87%) .  When  the  parameterization  was 
used  to  invert  visible  wavelength  lidar 
returns  in  the  vertical  direction,  the 
derived  extinction  coefficient  profiles 
(using  radiosonde  measurements  of  relative 
humidity)  sometimes  agreed  reasonably  well 
with  those  measured  by  aircraft  mounted 
extinction  meters.  In  contrast,  de  Leeuw  et 
al.  (Ref  13)  using  similar  types  of  lidar 
measurements  did  not  observe  a  distinct 
statistical  relationship  between  backscatter 
and  extinction  ratios  and  relative  humidity. 
Fitzgerald  (Ref  14)  pointed  out  that  other 
factors  such  as  the  aerosol  properties  can 
strongly  affect  the  relationship  between  p/a 
and  relative  humidity  and  that  the  power  law 
relationship  is  not  necessarily  valid  for 
relative  humidities  less  than  about  80%.  A 
unique  relationship  between  C(r)  and  rela¬ 
tive  humidity  which  is  dependent  on  the  air 
mass  characteristics  is  yet  to  be  developed. 

An  assumed  relationship  between  the 
backscatter  and  extinction  coefficients  can 
be  eliminated  by  comparing  the  powers  re¬ 
turned  from  a  volume  common  to  each  of  the 
two  lidars  located  at  opposite  ends  of  the 
propagation  path.  For  this  double-ended 
lidar  configuration,  the  range-dependent 
extinction  coefficient  can  be  shown  (Refs  15 
&  16)  to  be  related  to  the  slope  of  the 
difference  in  the  range  compensated  powers 
measured  by  the  two  lidars  (1  and  2)  at  the 
common  range  r  by  the  equation 


<7(r)  =  -  -^L[S(r),  -  S(r)3]  -  (9) 


However,  the  receiver  gain  of  both  lidars 
must  be  accurately  known  since  they  affect 
the  slope  characteristics  of  the  individual 
S(r)  curves.  Although  the  double-ended 
technique  has  a  practical  limitation  for 
tactical  situations,  e.g.,  in  slant  path 
measurements  at  sea,  it  is  feasible  to  use 
it  in  aerosol  studies  and  to  evaluate  the 
various 'single-ended  schemes  for  measuring 
extinction.  Hughes  and  Paulson  (Ref  15) 
used  the  double-ended  lidar  configuration 
over  a  1  km  inhomogeneous  slant  path  to 
demonstrate  that  if  the  value  of  C(r)  varies 
with  range,  but  is  assumed  to  be  a  constant, 
neither  the  single-ended  forward  or  reverse 
integration  algorithms  will  allow  range- 
dependent  extinction  coefficients  to  be 
determined  with  any  assured  degree  of  accu¬ 
racy  even  if  the  initial  boundary  values  are 
specified.  If,  however,  the  manner  in  which 
C(r)  varies  is  specified,  both  the  forward 
and  reverse  single-ended  inversions  repro¬ 
duce  the  double-ended  measurements  remark¬ 
ably  well. 

In  situations  where  the  different  layers  of 
the  atmosphere  are  horizontally  homogeneous, 
the  need  for  knowing  the  relationship  be¬ 
tween  the  backscatter  and  extinction  coeffi¬ 
cients  can  be  eliminated  by  comparing  the 
range  compensated  powers  received  from  each 
altitude  along  two  or  more  different  eleva¬ 
tion  angles  (Refs  17  £  18) .  Assuming  ex¬ 
tinction  and  backscatter  coefficients  to 
vary  only  in  the  vertical  direction,  the 
optical  depth,  T,  between  any  two  altitudes 
can  be  shown  to  be 


T.  [S(r,)-s(r4)]-[S(r.)-.s(r2)) 
2  ( l/sin0,-l/sin0|) 


where  S(R,)  and  S(Rj)  are  the  range  compen¬ 
sated  powers  returned  along  slant  ranges  R, 
and  R,  from  an  altitude  h,  with  the  lidar 
elevated  at  angles  </>,  and  <plt  respectively, 
with  <p |  <  02.  Similarly,  S(R3)  and  S(R,) 
refer  to  the  range  compensated  powers  re¬ 
turned  from  an  altitude  h2  with  the  lidar 
elevated  at  an  angle  <j>2  where  <  <£,.  In 
principle,  if  the  atmosphere  were  horizon¬ 
tally  homogeneous,  the  lidar  beam  could  be 
swept  in  elevation  and  the  method  used 
between  closely  separated  angles  to  obtain 
an  incremented  profile  of  extinction  and 
backscatter  (Ref  19) .  The  smaller  angular 
separations,  however,  place  stringent  re¬ 
quirements  on  the  accuracies  to  which  the 
range  compensated  powers  must  be  measured 
(Ref  18).  Also, the  works  of  Russell  and 
Livingston  (Ref  17),  and  Spinhirne  et  al. 
(Ref  20)  concluded  that  the  atmosphere 
within  the  convectively  mixed  marine  bound¬ 
ary  layer  rarely,  if  ever,  has  the  degree  of 
homogeneity  required.  Atlas  et  al.  (Ref  21) 
presented  examples  of  lidar  returns  observed 
from  an  aircraft  above  the  marine  boundary 
layer.  The  returns  from  within  the  mixed 
layer  were  shown  to  be  associated  with 
updrafts  carrying  aerosol-rich  air  upward 
and  conversely.  These  effects  were  enhanced 
by  increasing  humidity  updrafts  and  decreas- 


ing  humidity  downwards  that  operate  to 
increase  and  decrease  aerosol  sizes  within 
snail  scale  sizes  between  200  and  500  meters 
superimposed  upon  the  large  scale  (1-2  km) 
undulations  of  the  inversion. 


It  has  been  demonstrated  by  Paulson  (Ref  18) 
that  the  double  angle  technique  can  be  used 
to  determine  the  extent  to  which  the  atmo¬ 
sphere  is  horizontally  homogeneous.  In 
these  studies,  data  were  taken  beneath  a 
thin  stratus  cloud  layer  at  about  500  me¬ 
ters.  Two  calibrated  Visioceilometer  lidars 
(Ref  8)  were  operated  side-by-side  on  the 
west  side  of  the  Point  Loma  Peninsula  at  San 
Diego,  Calif,  and  pointed  west  over  the 
Pacific  Ocean.  A  series  of  nearly  simulta¬ 
neous  shots  were  made  with  the  one  lidar 
elevated  at  an  angle  of  25'  and  the  other  at 
50*.  S(r)  values  for  each  of  the  lidars 
(determined  using  5-point  running  averages 
of  the  raw  data)  showed  increasing  returns 
with  increasing  range  and  fluctuated  about 
one  another  at  different  ranges  which  indi¬ 
cated  an  inhomogeneous  condition.  The 
optical  depths  between  different  altitudes 
determined  from  Equation  10  are  shown  in  the 
following  table: 


TABLE  l .  optical  depths  calculated  from 
different  altitudes  up  to  a  maximum  altitude 
of  475  meters  on  17  Hay  1989. 


titude  fmeters) 

ODtical  deDth 

100 

0.811 

125 

0.437 

150 

0.584 

175 

0.597 

200 

0.647 

225 

0.584 

250 

0.688 

275 

0.150 

300 

0.260 

325 

0.260 

350 

0.342 

375 

0.492 

The  optical  depth  between  275  and  475  meters 
is  only  0.15,  while  that  from  375  to  475 
meters  is  more  that  three  times  greater 
(0.49).  if  the  data  were  representative  of 
a  horizontally  homogeneous  condition,  the 
optical  depth  up  to  475  meters  should  con¬ 
sistently  decrease  as  h,  increases.  These 
data  demonstrate  that,  even  though  the 
magnitude  of  S(r)  from  a  horizontal  lidar 
return  decreases  linearly  with  range,  hori¬ 
zontal  homogeneity  can  only  be  assured  if 
optical  depths  within  the  boundary  layer 
measured  by  the  two-angle  method  decrease  as 
contributions  from  the  close-in  returns  are 
eliminated. 


5.  CONCLUSIONS 

Range-dependent  extinction  coefficients 
cannot  be  determined  from  single-ended  lidar 
measurements  with  any  assured  degree  of 
accuracy  unless  the  backscatter/extinction 
coefficient  ratio  is  known  along  the  propa¬ 
gation  path  or  the  atmosphere  is  horizontal¬ 
ly  homogeneous.  If  the  conditions  exist  for 
which  the  forward  inversion  algorithm  is 
stable,  the  double-ended  lidar  work  has 
shown  that  a  single-ended  lidar  inversion 
technique  would  be  possible  when  augmented 
with  a  close-in  measurement  of  extinction 
and  measurements  to  relate  C(r)  to  air  mass 
characteristics  and  relative  humidity. 


While  the  works  of  Mulders  (Ref  22)  and  de 
Leeuw  et  al.  (Ref  13)  have  concluded  no 
relationship  exists  between  C(r)  and  rela¬ 
tive  humidity,  their  measurements  did  not 
account  for  changes  in  the  air  mass  charac¬ 
teristics.  Simultaneous  lidar  measurements 
and  air  mass  characteristics  (e.g.,  radon 
and  condensation  nuclei)  need  to  be  conduct¬ 
ed  to  identify  their  relationship  to  rela¬ 
tive  humidity  profiles.  Whether  or  not  such 
a  relationship  can  ever  be  identified  in  a 
practical  sense  is  yet  to  be  determined. 

For  a  single-ended  lidar  to  become  a  useful 
operational  tool,  innovative  concepts  need 
to  be  pursued.  A  novel  single-ended  lidar 
technique  has  been  recently  proposed  by 
Hooper  and  Gerber  (Refs  23  S  24)  to  measure 
optical  depths  when  used  down-looking  from 
an  aircraft  or  satellite  at  the  ocean  sur¬ 
face  and  when  the  reflection  properties  of 
the  surface  are  known.  In  this  technique, 
two  detectors  are  used:  one  with  a  narrow 
f ield-of-view,  which  measures  the  power 
directly  reflected  off  the  rough  ocean 
surface  and  another  with  a  wide  field-of- 
view  where  the  directly  reflected  photons 
are  blocked  (aureole  detector) .  The  accura¬ 
cy  of  the  system  is  presently  being  evaluat¬ 
ed  by  comparing  the  optical  depths  inferred 
from  the  direct  and  aureole  scattered  re¬ 
turns  to  those  calculated  from  size  distri¬ 
butions  measured  simultaneously  from  an 
aircraft.  Should  the  aureole  system  be 
proven  reliable  it  would  be  most  useful  if 
the  optical  depths  determined  using  visible 
or  near  infrared  wavelengths  could  be  scaled 
directly  to  the  mid  or  far  infrared  wave¬ 
length  bands  at  which  many  important  EO 
systems  operate. 
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DISCUSSION 


J.  GOLDHIRSH 

Have  dual  frequency  Ildars  been  considered  where  we  lake  simple  ratios  of  the  power  to  remove  the  calibration  constants  and 
improve  estimations  of  extinction  and  backscatter? 

AUTHOR’S  REPLY 

They  have,  but,  to  my  knowledge,  have  not  resulted  in  readily  available  extinction  measurement  devices. 

D.  HOEHN 

Hate  you  analyzed  the  applicability  of  a  single-ended,  single-frequency  lidar  for  o-delermination  also  under  the  condition,  that 
the  type  of  the  actual  aerosol  size  distribution  may  be  classified  by  meteorological  information,  so  that  you  would  not  have  to 
consider  the  whole  range  of  possible  aerosol  size  distribution  for  determining  the  C-value,  rather  than  only  this  class? 

AUTHOR’S  REPLY 

If  you  make  assumptions  concerning  aerosol  properties,  air  mass  characteristics,  homogeneity,  etc. ,  you  may  infer  a  from 
single-ended  lidars.  The  noint  of  our  paper  vas,  that  without  such  assumptions,  single-ended  lidars  don  V  give  you  a  with  any 
assured  degree  of  accuracy. 

C.  WERNER  (Comment) 

I'd  like  to  add  that  the  German  Aerospace  Research  Establishment  together  with  Impulsphysics  GmbH  have  developed  a  lidar- 
slant  vbual  range  (SVR)  measuring  device  for  installation  at  airports.  This  SVR  lidar  is  now  installed  at  the  Hamburg- 
Fuhlsbtlettel  airport  for  operational  use  in  visibility  conditions  less  than  500  m.  This  system  can  handle  multiple  scattering 
also  (..id  uses  multiple  scattering  contributions  for  determining  visibilities  below  200  m.  Reference:  DLR-lnstitute  of 
Electronics,  SVR-measuring  device.  Report  No.  88-42  (1988). 
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PROBING  OF  THE  ATMOSPHERE  WITH  LIDAR 
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SIMHA&X 


2.  INVERTING  LIDAR  RETURNS 


Lidar  (optical  radar)  is  a  generally 
accepted  technique  which  can  be  used  for 
remote  sensing  of  atmospheric  properties 
over  ranges  of  kilometers  within  a  few 
microseconds.  Different  inversion 
techniques  to  derive  the  required 
information  from  the  lidar  signal  are 
discussed.  The  lidar  properties  determine 
which  kind  of  information  can  be  obtained. 
In  this  paper  we  present  an  overview  of 
results  obtained  with  two  different  lidar 
systems.  The  results  include  the  assessment 
of  the  systems,  long  term  studies  of  the 
vertical  infrared  structure  of  the 
atmosphere,  and  fast  dynamic  processes. 


The  generally  accepted  model  describing  the 
single-scatter  return  of  lidar  systems  with 
direct  detection  is  given  by  equation  (1). 
This  model  can  be  applied  to  ranges  which 
are  large  with  respect  to  the  length  of  the 
laser  pulse  and  is  the  basis  for  inverting 
the  backscatter  and  the  extinction 
coefficients. 


(1) 


P(R) 


K-B(R) 


R 


-■exp(-2' 


a(x) -dx) 


1.-  miROPUCTIQH 

Optical  radar  or  lidar  (light  detection  and 
ranging) ,  is  widely  used  for  remote  sensing 
of  atmospheric  quantities  over  ranges  of 
kilometers.  The  simplest  types  of  lidar 
systems  are  mono-static,  operate  at  one 
wavelength  and  use  direct  detection.  These 
so-called  Mie  lidars  are  applied,  e.g.,  to 
measure  visibility,  vertical  extinction  and 
backscatter  profiles,  cloud  base  height  and 
wind.  They  can  also  be  used  as  cloud 
mapper,  range  finder  or  imaging  system. 

The  principle  of  lidar  is  similar  to  that 
of  radar,  with  the  difference  that  lidars 
operate  in  the  micrometer  region  of  the 
electro-magnetic  spectrum  instead  of  the  ram 
or  cm  region.  The  maximum  detection  ranges 
in  homogeneous  atmospheres  vary  with  the 
actual  weather  condition  and  are  less  than 
1  km  for  the  smaller  systems  (Bonner,  1979 
and  Lentz,  1982)  to  more  than  50  km  for  the 
largest  ones  (Shimizu,  1985).  (See  also 
Appendix  A  for  a  mathematical  derivation  of 
the  maximum  range.)  The  measured  waveforms 
are  a  function  of  the  spatial  backscatter 
coefficient  and  the  transmission  losses. 

The  latter  are  a  function  of  the  path- 
integrated  extinction  coefficient.  All 
other  atmospheric  parameters  that  can  be 
measured  with  (direct  detection  Mie)  lidar 
are  derived  from  the  backscatter  and  the 
extinction. 

In  this  paper  we  give  an  overview  of 
existing  techniques  for  inverting  data  from 
Mie  lidar  systems.  Some  of  the  results 
obtained  with  two  lidar  systems  are 
presented.  A  low-repetition  rate  lidar  (0.1 
pps)  is  used  to  investigate  long  term 
atmospheric  effects.  A  high  repetition  rate 
lidar  (10  pps)  is  used  to  study  dynamic 
atmospheric  processes.  An  extensive 
literature  reference  is  given. 


where: 

P(R)  =  received  power  from  range  R  in  w 
R  «■  range  in  km 

K  **  system  constant  in  Wkm3 

B(R)  =  backscatter  coefficient  in  km-1 
a(R)  »  extinction  coefficient  in  km-1 


From  the  physical  point  of  view  information 
on  both  the  backscatter  and  the  extinction 
coefficient  are  available  from  the  signal. 
However,  mathematically  it  is  not  possible 
to  derive  two  unknowns  from  a  single 
equation.  Therefore  additional  information 
is  required.  Two  different  approaches  are 
generally  applied. 

The  first  one  assumes  that  the  atmosphere 
is  homogeneous.  This  implies  that  the 
backscatter  and  the  extinction  are 
constants.  To  derive  these,  linear 
regression  analysis  is  applied  on  the 
logarithm  of  the  range  compensated  signal. 

(2)  ln(P(R)-R2)  »  ln(K-B)  -  2-a-R 

The  intercept  and  the  slope  of  (2)  are  a 
measure  for  the  backscatter  and  the 
extinction  coefficient  respectively.  The 
method  was  first  proposed  by  Collis  (1966) 
and  is  generally  referred  to  as  the  'slope 
method'.  Other  references  to  this  subject 
are,  e.g.,  Carswell  (1972),  Werner  (1981), 
Klett  (1981),  Ferguson  and  Stephans  (1983) 
and  Measures  (1984).  The  maximum  range  over 
which  the  lidar  can  measure  in  a 
homogeneous  atmosphere  depends  on  the 
system  parameters  and  the  atmospheric 
conditions.  An  expression  for  this  maximum 
range  is  derived  in  Appendix  A. 

The  second  method  to  invert  lidar  returns 
is  based  on  the  assumption  that  there  is  a 
relation  between  the  extinction  and  the 
backscatter.  (Results  from  Mie  calculations 
show  that  the  kind  of  relation  depends  on 
the  aerosol.  See  e.g.  De  Leeuw  and 
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Lamberts,  1987.)  This  leads  to  a  Bernoulli 
differential  equation  in  either  of  the  two 
quantities.  This  differential  equation  can 
be  solved  provided  that  either  the  total 
transmission  losses  over  the  path  are  known 
(Fernald,  1972)  or  that  a  solution 
somewhere  on  the  trace  (boundary  condition) 
is  known  (or  assumed).  The  method  of  using 
the  Bernoulli  differential  equation  was 
proposed  by  Hitschfeld  and  Bordan  (1954)  to 
invert  the  rain  rate  from  radar  returns  and 
has  been  used  for  lidar  by  e.g.  Barret  and 
Ben-Dov  (1967),  Viezee  et  al.  (1969),  Davis 
(1969),  Kohl  (1978)  and  Klett  (1981). 
Nowadays  this  method  is  generally  referred 
to  as  the  Klett  method.  Other  authors  who 
discuss  the  problem  of  the  boundary 
condition  are  Kunz  (1983),  Ferguson  (1983), 
Fernald  (1984),  Sasano  (1985),  Hughes  et 
al.  (1985),  Klett  (1986)  and  Bissonnette 
(1986).  Effects  of  the  relation  between 
backscatter  and  extinction  on  the  solution 
of  the  lidar  equation  have  been  described 
by,  e.g.,  Sasano  (1984),  Klett  (1985)  and 
Keastner  (1986).  Gonzalez  (1988)  published 
a  recursive  equation  to  solve  the  lidar 
equation  with  an  a  priori  knowledge  on  the 
spatial  relation  between  the  extinction  and 
the  backscatter.  However,  this  approach  is 
essentially  not  different  from  the 
analytical  solution. 

In  summary,  all  the  efforts  made  to  solve 
the  inhomogeneous  lidar  equation  are 
hampered  by  two  problems:  -  the  relation 
between  extinction  and  backscatter  and  - 
the  boundary  condition. 

Two  alternative  techniques  are  available  to 
measure  the  backscatter  and  the  extinction 
profile  with  a  lidar  in  an  inhomogeneous 
atmosphere.  The  first  one  is  based  on 
simultaneous  measurements  along  the  same 
path  with  two  lidars  operating  in  opposite 
directions.  The  combination  of  the  two 
lidar  signals  provides  sufficient 
information  to  solve  both  the  backscatter 
and  the  extinction  along  the  path.  This 
method  has  been  described  by  Paulson  and 
Powers  (1986),  Kunz  (1987)  and  by  Hughes 
and  Paulson  (1988).  A  disadvantage  of  this 
so-called  'bipath'  or  'double-ended'  method 
is  that  two  synchronized  systems  are 
required,  in  general,  it  is  not  possible  to 
mount  lidar  systems  at  both  ends  of  the 
path.  In  particular,  for  the  most  useful 
application  of  lidar,  i.e.  remote  sensing 
of  atmospheric  profiles  only  single-ended 
systems  can  be  applied.  However,  the 
double-ended  method  has  merits  for  the 
verification  of  existing  inversion 
techniques  (e.g.  Kunz,  1989)  and  in 
particular  situations  where  in  situ 
measurements  are  impossible. 

The  second  alternative  technique  is  based 
on  the  assumption  of  horizontal 
stratification  of  the  atmosphere.  The 
vertical  extinction  and  backscatter 
profiles  can  be  inverted  from  a  (large) 
number  of  measurements  under  different 
elevation  angles  (in  one  vertical  plane). 
The  basic  idea  for  this  method  was  proposed 
by  Hamilton  (1969)  and  has  been  further 
elaborated  by  Russel  and  Livingstone 
(1984),  Paulson  (1985)  and  Kunz  (1988). 
Russel  and  Livingston  (1984)  pointed  out 
that  this  technique  is  less  suitable  for 
vertical  structure  measurements  because  the 
atmosphere  is  not  horizontally  stratified, 
while  also  the  atmosphere  may  change  during 
a  measurement.  Paulson  (1985)  performed  a 
sensitivity  analysis  for  a  two-angle  slant 


path  measurement.  Kunz  (1988)  derived  an 
analytical  expression  for  deriving  the 
backscatter  and  the  extinction  profiles 
from  a  large  set  of  measurements. 

In  summary,  several  methods  exist  to  invert 
lidar  returns.  In  homogeneous  situations, 
the  slope  metnod  is  best  suited  to  invert 
both  the  backscatter  and  the  extinction 
coefficient  over  the  range  of  the  system. 
For  inhomogeneous  situations  the  lidar 
return  is  best  solved  via  Bernoulli's 
differential  equation  which  leads  to  a 
backscatter  and/or  an  extinction  profile. 

It  should  be  kept  in  mind,  however,  that  a 
priori  information  is  necessary  in  this 
case.  The  values  of  the  boundary  condition 
and  of  the  backscatter/extinction  ratio 
used  in  this  procedure  can  severely 
influence  the  final  results.  The  double- 
ended  method  provides  both  the  backscatter 
and  the  extinction  profile  without  any 
additional  information  but  can  only  be  used 
in  some  specific  situations. 


3.  SOME  RESULTS 

In  this  section  some  of  the  results 
obtained  with  two  different  lidar  systems 
are  presented.  The  first  lidar  is  capable 
of  measuring  with  a  maximum  repetition  rate 
of  6  shots  per  minute  and  is  used  to  study 
long  term  atmospheric  effects.  The  second 
lidar  operates  with  a  maximum  repetition 
rate  of  10  measurements  per  second  and  is 
used  to  measure  dynamic  atmospheric 
processes. 


3.1  Results  with  a  low  repetition  rate 
lidar  system 

A  calibrated  small  lidar  system,  wavelength 
1.06  pm  and  laser  energy  about  100  mJ,  has 
been  used  by  the  TNO  Physics  and 
Electronics  Laboratory  since  1983  in 
several  field  experiments  and  other 
projects  conducted  from  our  establishment. 

A  review  of  the  'esults  is  presented, 
starting  with  c  .parisons  with  other 
measurements  on  the  atmospheric  vertical 
structure. 


3.1.1  Assessment  of  the  reliability  of 
lidar  for  vertical  structure 
measurements 

In  a  common  NATO  experiment,  see  e.g. 
Lindberg  et  al.  (1987),  vertical  lidar  data 
were  compared  with  balloon-borne  AEG  point 
visibility  meter  data.  The  lidar  data  were 
inverted  to  extinction  profiles  using 
Bernoulli's  differential  equation.  The 
boundary  value  was  obtained  from  a  single 
horizontal  lidar  measurement  using  the 
slope  method.  The  relation  between 
extinction  and  backscatter  was  assumed  to 
be  linear,  and  constant  over  the  vertical 
range.  Figure  3.1  shows  a  comparison 
between  the  lidar  data  and  the  extinction 
profiles  derived  from  the  point  visibility 
raet.’r,  for  four  different  situations. 

The  differences  between  the  profiles  from 
the  AEG  and  the  lidar  below  the  clouds 
(Figure  3. 1C  and  D)  are  due  to  the 
measurement  principle,  the  integration  time 
of  the  nephelometer  and  the  different 
wavelengths.  In  the  cloud,  the  nephelometer 
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Figure  3.1:  Examples  of  1.06  pm  extinction 
profiles  determined  by  the  lidar  (dotted 
line)  and  from  the  airborne  AEG  visibility 
meter  data  (solid  curve).  A  a  vertically 
homogeneous  atmosphere,  B  a  ground  haze 
C  a  situation  with  a  mid  altitude  stratus 
cloud  and  D  a  low  altitude  stratus  cloud. 


could  measure  the  actual  extinction.  The 
lidar,  on  the  other  hand,  could  not 
penetrate  deep  enough  into  these  optically 
thick  clouds.  It  has  been  concluded  from 
the  analysis  of  this  trial  that  lidar  is  a 
reliable  tool  to  measure  quantitatively  the 
vertical  extinction  and/or  backscatter 
profiles  to  altitudes  of  several 
kilometers.  In  cases  of  clouds,  however, 
the  capabilities  of  the  lidar  are  limited 
by  the  maximum  penetration  depth  of  the 
laser  pulse  (Lindberg  et  al.,  1987). 

It  has  been  shown  recently  by  Rosen  and 
Kjome  (1991)  that  comparison  of  balloon- 
borne  scatterometer  data  with  the  results 
of  lidar,  are  still  of  current  interest  to 
obtain  complementary  data  on  the  aerosol 
from  within  clouds. 


3.1.2.  Lidar  measurements  over  the  sea 

During  a  NATO  aerosol  measurement  campaign 
in  the  North  Atlantic  in  1983,  the  lidar 
system  has  been  operated  continuously 
during  a  period  of  5  weeks  aboard  a  weather 
ship  (De  Leeuw  et  al.  1984,  1986-a). 
Measurements  under  negative  and  positive 
elevation  angles  as  well  as  in  horizontal 
direction  were  performed  to  determine  the 
extinction  from  close  to  the  sea  surface  to 
an  altitude  of  about  1.5  km.  A  gyro- 
controlled  platform  was  used  to  provide  a 
stable  horizontal  reference  plane.  Examples 
of  inverted  extinction  profiles  have  been 
published  in  De  Leeuw  et  al.  (1986-a, c). 

The  profiles  were  described  by  a  mixed- 


layer  model  including  relative  humidity 
effects  on  the  aerosol  si2e  distribution 
(De  Leeuw,  1989).  The  relation  between  the 
backscatter  and  the  extinction  over  a 
period  of  one  day  was  shown  by  Mulders 
(1984).  The  relations  between  the 
extinction  and  the  backscatter  versus  the 
wind  speed  were  published  by  De  Leeuw 
(1986-c) . 


3.1.3  Marine  boundary  layer  studies  in  a 
tropical  environment  , 

The  TNO  lidar  has  also  been  operated  from 
Florida  Keys  as  part  of  the  KEY90 
experiment  to  evaluate  the  Naval  Oceanic 
Vertical  Aer..o.jl  Model  (NOVAM)  (De  Leeuw  et 
al.,  1989;  Gathman  et  al.,  1989)  in  a 
tropical  marine  environment.  An  example  of 
the  behaviour  of  the  vertical  structure, 
during  a  period  of  about  4.5  hours,  is 
presented  in  Figure  3.2.  In  the  original 
presentation,  the  data  was  coded  in  false 
colour  but  for  reproduction  reasons  the 
figure  was  coded  in  gray  tones  which 
reduced  the  contrast  somewhat. 


Figure  3.2:  Backscatter  profiles,  coded  in 
gray  tones,  as  measured  in  a  tropical 
marine  environment  in  a  height  versus  time 
figure.  Horizontal  axis:  16:37-20:54  hours. 
Vertical  axis:  25-1350  m  altitude. 


The  lidar  data  has  been  converted  to 
absolute  backscatter  profiles  because  of 
the  very  low  extinction.  The  measured 
profiles  show  a  strong  variability  in  the 
backscatter  at  altitudes  of  about  600  m, 
which  is  ascribed  to  the  occurrence  of 
convective  plumes.  Profiles  with  relatively 
low  backscatter  interspersed  with  profiles 
with  relatively  high  backscatter  also 
points  in  this  direction.  Sometimes,  the 
convective  plumes  end  in  small  patches  of 
clouds  (light-gray  spots).  Similar 
observations  were  made  with  airborne  lidar 
(Hooper,  19891)  during  KEY90  and  during 
other  experiments  (Melfi  et  al.,  1985). 


3.1.4  VISA  (Vertical  Infrared  structure  of 
the  Atmosphere) 

The  VISA  experiment  was  conduced  during  a 
period  of  about  two  years.  The  lidar  was 
operated  continuously  (24  hours/day),  from 
a  room  at  the  roof  of  TNO-Physics  and 
Electronics  Laboratory  in  The  Hague,  in  a 
coastal  area  at  about  3  km  from  the  sea. 
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In  Figure  3.5  we  present  the  relation 
between  the  backscatter  and  the  extinction 
averaged  over  all  data  recorded  during  this 
twoyear  period.  The  figure  was  created  by 
partitioning  log(a)  in  50  intervals  and 
calculating  the  mean  and  the  standard 
deviation  of  the  backscatter  for  each 
interval. 


EXTINCTION  in  1/km 


Figure  3.5:  Relation  between  backscatter 
and  extinction  as  derived  from  about  22,000 
measurements  during  a  two  year  period.  All 
data  were  used  unconditionally. 


The  results  in  Figure  3.5  indicates  a  non 
linear  relation  between  6  and  a  which  can 
be  used  to  predict  the  B/a  ratio.  The 
relation  becomes  less  evident  for 
extinctions  larger  than  about  3  km'1.  This 
is  probably  due  to  local  fluctuations  in  o 
and  B.  For  extinctions  smaller  than 
0.03  km-1  accurate  determination  of  the 
extinction  is  the  limiting  factor  as  shown 
by  Kunz  (1992).  in  that  case  the 
backscatter  can  be  determined  more 
reliably.  The  results  from  Figure  3.5 
indicate  that  the  relation  between 
backscatter  and  extinction  is  reliable 
within  a  factor  2  for  extinctions  from 
about  0.03  to  about  3  km'1. 


Relative  humidity  effects 

The  relation  between  the  relative  humidity 
and  the  backscatter,  the  extinction  and  the 
ratio  B/a  is  an  other  subject  of  interest 
(e.g.  De  Leeuw,  1986-b  and  Tonna,  1991) 
because  the  relative  humidity  tends  to 
increase  with  height  in  the  atmospheric 
boundary  layer.  If  a  definite  relation 
between  B/a  and  the  RH  could  be  found,  than 
this  relation  could  be  used  to  solve  the 
lidar  equation.  In  many  data  files,  the 
backscatter  and  the  extinction  vary  only 
slightly  (about  15  %)  for  relative 
humidities  between  about  50  %  and  about 
90  %.  Above  th/s  value,  the  backscatter  and 
the  extinction  depend  stronger  on  the 
relative  humidity.  Examples  of  this  effect 
are  shown  in  Figure  3.6. 


Figure  3.6:  Extinction  and  backscatter 
versus  relative  humidity.  Data  were  j 

recorded  over  a  period  of  24  hours  on  20  \ 

and  21  February  1985.  i 


In  many  cases,  the  relation  between 
backscatter  and  relative  humidity  shows  a 
kind  of  hysteresis  loop  which  is  a  common 
phenomenon  for  hygroscopic  aerosol  as  shown 
e.g.  by  Winkler  (1971).  An  example  of  this 
behaviour  is  given  in  Figure  3.7. 
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Figure  3.7:  Relation  between  the  horizontal 
backscatter  and  the  relative  humidity  over 
a  period  of  24  hours.  Date  7  February  1985. 
Note  the  loop  between  RH  of  74  and  82  %. 


Visibility 

Extinction  determines  the  visibility. 
However,  because  of  the  difference  in 
wavelength,  the  relation  between  the  lidar 
derived  extinction  (1.06  tm)  and  the 
visibility  (photopic  spectrum)  depends  on 
the  aerosol  characteristics  (particle  size 
distribution  and  complex  refractive  index). 


( 
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Relations  between  the  visibility  (measured 
with  an  AEG  point  visibility  meter)  and  the 
horizontal  backscatter  or  extinction 
measured  with  the  lidar  have  been  published 
by  e.g.  Lamberts  and  De  Leeuw  (1986). 
Results  from  the  VISA  data  base  show  that 
there  is,  in  many  cases,  a  relation  between 
the  visibility  and  the  backscatter  or  the 
extinction.  Examples  of  a  good  correlation 
are  shown  in  Figure  3.8.  However,  such  good 
correlations  are  not  always  obtained,  as 
evidenced  by  the  data  in  Figure  3.9.  A  more 
detailed  analysis  of  the  data  base  is 
required  to  investigate  the  conditions  for 
which  the  backscatter  and  the  extinction 
are  well-correlated  with  visibility. 
Interesting  questions  are  why  in  other 
cases  the  correlation  is  reduced,  and  what 
the  frequency  of  occurrence  of  such 
situations  is.  A  limited  data  base  of 
simultaneously  measured  aerosol  particle 
size  distributions  is  available,  which 
could  be  useful  to  find  answers  to  these 
questions. 
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Figure  3.8:  Scatter  plot  of  the  horizontal 
extinction  and  the  horizontal  backscatter 
as  a  function  of  the  visibility.  The  data 
were  recorded  on  10  March  1986  during  a 
period  of  24  hours,  starting  at  09:00  a.ra. 
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Figure  3.9:  Scatter  plot  of  the  horizontal 
extinction  and  the  horizontal  backscatter 
as  a  function  of  the  visibility.  The  data 
were  recorded  on  21  February  1985  during  a 
period  of  24  hours,  starting  at  09:00  a.n. 


Cloud  base  monitoring 

Cloud  base  has  been  monitored  during  part 
of  the  VISA  project.  Cloud  base  is 
important  in  avionics  but  also  in 
meteorology  and  other  fields.  Although 
there  is  no  unique  definition  for  cloud 
base,  see  e.g.  Pruppacher  (1980),  Heaps 
(1982)  and  Eberhard  (1986),  the  results  of 
commercial  cloud  base  instruments  are  in 
good  agreement  despite  the  different 
techniques  applied  (WHO  report  1986).  With 
lidar,  the  cloud  base  has  been  defined  in 
two  different  ways.  The  first  criterion  is 
based  on  a  local  maximum  in  the  recorded 
waveforms  caused  by  cloud  reflection.  The 
second  criterion  uses  the  height  where  the 
extinction  exceeds  a  certain  value  (Duncan, 
1980). 

Results  from  application  of  both  criteria 
on  the  lidar  signals,  recorded  during  a 
overcast  period  of  33  hours,  are  shown  in 
Figure  3.10. 
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Figure  3.10:  Cloud  base  altitude  as  a 
function  of  time  on  20  and  21  February 
1985.  Dots  indicate  the  results  from  a 
simple  relative  maximum  criterion  and  plus 
signs  indicate  the  results  from  the 
extinction  criterion. 


The  extinction  criterion  provides  a  better 
detection  probability.  The  pulse-height 
criterion  often  fails.  This  occurs  in 
situations  were  the  increase  in 
backscattering  from  cloud  droplets  is 
compensated  by  the  extinction.  As  a  result 
the  lidar  signal  cannot  be  distinguished 
from  signals  from  a  homogeneous  atmosphere. 
This  effect  has  been  discussed  by  Kunz 
(1987)  and  has  Deen  elaborated 
mathematically  in  Appendix  B. 


Extinction  profiles 

Extinction  profiles  to  an  altitude  of  1  or 
2  km  were  recorded  semi-continuously  during 
VISA.  Figure  3.11  shows  an  example  of  the 
results  during  a  one-week  period.  The 
altitude  has  been  plotted  along  the 
vertical  axis  and  the  time  has  been  plotted 
along  the  horizontal  axis.  Hourly  intervals 
aie  indicated  by  small  white  tics.  The 
separation  between  the  days  is  indicated  by 


I 


the  white  vertical  lines.  The  extinction 
has  been  coded  in  false  color.  For  this  B/W 
presentation,  however,  the  false  colors 
have  been  converted  to  gray  tones  which 
reduces  the  resolution. 
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Figure  3.11:  Vertical  extinction  profiles 
coded  in  gray  tones,  in  the  period  15-19 
April  1985.  Maximum  altitude  1000  m.  No 
precipitation  has  been  observed  in  this 
period. 

Discussion.  On  April  15  at  08:50  a.m.  the 
measurements  started  under  a  cloudy  sky 
with  cloud  base  at  about  500  m.  After 
09:00,  the  extinction  in  the  mixed  layer 
decreased  until  about  23:00  hours.  Then  a 
cloud  was  detected  at  about  1000  m  and  the 
extinction  at  ground  level  increased 
rapidly.  At  05:00  a.m.  on  April  16  a  new 
cloud  layer  was  detected  at  about  700  m 
altitude  which  remained  there  until  about 
20:00  hours.  Note  that  the  extinction  below 
the  cloud  started  to  increase  already  at  an 
altitude  of  about  300  m.  Between  17:00  and 
19:00  hours  a  haze  layer  was  observed  to 
move  in  from  the  sea.  This  resulted  in  an 
increase  in  the  extinction  between  200  and 
600  m  altitude.  During  the  night  from  April 
16  to  17  a  ground  haze  developed.  The  depth 
of  this  layer  slowly  decreased.  Minimum 
altitude  was  reached  between  03:00  and 
04:00  a.m.  From  that  time  on,  the  top  of 
the  ground  fog  layer  ascended  from  about 
100  m  to  about  250  m.  A  second  layer  was 
detected  which  rose  from  about  250  m  to 
about  so  m  altitude.  At  09:00  a.m.  the  top 
of  the  mixed  layer  rose  to  about  700  m. 

From  13:00  to  15:00  hours  the  atmosphere 
was  clear  above  100  ro.  At  about  16:00  hours 
cumulus  clouds  were  observed  and  at  17:00 
hours  a  new  ground  fog  layer  developed 
which  stayed  until  13:00  the  next  day.  At 
that  time  the  extinction  decreased  due  to 
deepening  of  the  mixed  layer.  From  about 
16:00  hours  to  about  02:00  a.m.  on  April  19 
the  thickness  of  the  mixed  layer  decreased. 
Than  a  new  layer  was  detected  at  an 
altitude  of  about  700  m  which  descended 
slowly  until  10:00  a.m.  to  an  altitude  of 
about  100  m.  From  that  time  on  this  layer 
ascended  and  dissolved. 

3.2  Results  with  a  high  repetition  rate 
lidar  system 

For  mapping  dynamic  atmospheric  processes, 
like  smoke  plumes  and  wind  driven  aerosol 
patches  having  life-times  on  the  order  of 
seconds,  lidar  systems  are  required  with  a 
repetition  rate  of  at  least  10  Hz.  Such  a 
system  has  been  realized  and  applied  by 
TNO-Physics  and  Electronics  Laboratory.  It 
operates  at  a  wavelength  of  1.06  pm,  has  a 
pulse  energy  of  about  20  mJ  and  a  telescope 
diameter  of  50  cm.  It  is  fully  computer 
controlled  and  has  been  mounted  on  a 


platform  for  scanning  in  any  desired 
direction.  Examples  of  results  obtained 
with  this  system. during  the  NATO  smoke 
experiment  'BEST  ONE'  were  published  in  the 
workshop  proceedings  on  this  trial  (Kunz, 
1987). 

Some  of  the  results  from  atmospheric 
measurements  with  this  system  are  presented 
in  the  next  set  of  figures.  The  dynamic 
behaviour  of  the  atmosphere  during  a  period 
of  125  seconds  and  up  to  an  altitude  of 
1140  ra  is  presented  in  Figure  3.12.  The 
measurements  were  made  in  a  fixed  direction 
during  a  period  of  high  relative  humidity 
(99%)  i.  wind  speed  'of  1.5  m/s;ahd 
visibility  ot  3,5-kra.  Figure  3.12  shows 
that,  the  atmosphere  below  an  altitude  of 
300  i  m .  i s  •  very/  turbulent -wh ile  ■. above  'this 
level  the-  variatigns  are  >  much  slower. 
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Figure  3.12:  Atmospheric  scattering,  coded 
in  gray  tones,  as  measured  with  a 
vertically  pointing  lidar  in  a  height 
versus  time  representation. 

A  vertical  cross-section  of  the  atmospheric 
scattering  can  be  mapped  by  scanning  the 
lidar  in  a  vertical  plane.  An  example  of 
such  a  measurement,  also  called  RHI  (Range 
to  Height  Indicator),  is  shown  in  Figure 
3.13.  Relatively  high  atmospheric 
scattering  is  observed  below  a  broken  cloud 
layer.  Above  this  cloud  layer,  cloud 
patches  are  observed  at  an  altitude  of 
about  650  m,  despite  the  attenuation  of  the 
lower  clouds. 


Figure  3.13:  A  vertical  cross-section  of 
atmospheric  scattering  measured  with  a 
scanning  lidar.  Visibility  7  km,  relative 
humidity  99  %,  wind  speed  2  m/s. 
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The  results  presented  in  Figure  3.14  were 
obtained  during  a  session  where  the  lidar 
was  pointing  in  the  direction  of  the  wind 
at  a  fixed  elevation  angle  of  15  degrees.  A 
large  number  of  aerosol  eddies  were  mapped 
which  were  not  visible  by  eye.  Because 
these  eddies  move  with  the  wind  they  can 
serve  as  a  tracer  for  wind  speed 
measurements.  Application  of  this 
phenomenon  has  been  described  by  e.g. 
Eloranta  (1975),  Sasano  et  al.  (1982),  Zuev 
(1986)  and  Hooper  and  Eloranta  (1986). 
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Figure  3.14:  Atmospheric  scattering  as 
measured  with  the  lidar  under  a  fixed 
elevation  of  15  degrees.  The  aerosol  eddies 
are  drifted  by  the  wind,  away  from  the 
system. 
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For  investigating  atmospheric  parameters 
and  processes  over  ranges  of  kilometers, 
lidar  can  be  used  as  a  convenient  remote 
sensing  tool.  Even  relatively  simple 
systems  can  provide  invaluable  information, 
in  an  efficient  way.  The  spatial  and 
temporal  backscatter  and  extinction  can  be 
monitored  as  a  function  of  height  during 
extended  periods  of  time.  No  other 
technique  provides  this  feature. 

Lidar  can  be  applied  to  determine  both  the 
backscatter  and  the  extinction  in 
homogeneous  situations  from  atmospheres 
with  relative  low  aerosol  content 
(Rayleigh)  to  situations  with  dense  fog.  In 
situations  with  low  extinction,  the  range 
of  the  lidar  should  be  large  enough  to 
invert  this  parameter  reliably.  The 
backscatter  on  the  other  hand  can  be 
determined  more  reliably  in  those 
situations  (Kunz,  1992). 

Single-ended  lidar  data  from  inhomogeneous 
atmospheres  can  only  be  handled  if 
additional  information  is  available  (or  is 
assumed).  A  number  of  useful  methods  to 
invert  the  lidar  equation  has  been  proposed 
thus  far.  It  is  noted  that  each  of  these 
has  certain  limitations.  The  performance  of 
these  lidar  techniques  has  been  evaluated 
from  several  field  experiments  by  comparing 
the  results  with  data  obtained  with  other 
equipment. 

Accurate  measurements,  as  well  as 


understanding  of  the  possibilities  and 
limitations  of  the  electronic  system,  are 
required  to  reliably  invert  the  basic 
quantities  from  the  lidar  return.  The 
influence  of  the  hardware  on  the  accuracy 
of  the  measurement  is  rarely  discussed  in 
literature.  Experience  has  shown  that  in 
many  situations  the  receiver  is  the  .most 
critical  part  of  a  lidar  system.  This 
component  converts  the  relatively  fast 
transient  optical  signals  with  a  large 
dynamic  range  to  corresponding  electrical 
signals.  Furthermore  the  accuracy  of  the 
base  line,  the  resolution  of  the  waveform 
recorder  and  the  accuracy  of  the  trigger 
moment  are  of  significant  influence  on  the 
final  results.  In  many  practical  systems 
these  effects  are  under-estimated.  For 
example  a  trigger  error  of  only  one  sample 
(50  ns)  can  significantly  influence  the 
calculated  extinction.  The  laser  on  the 
other  hand  should  be  single  pulsed  with  a 
pulse  duration  which  is  short  compared  to 
the  minimum  detectable  range  and  the 
desired  range  resolution. 
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APPENDIX  A. 

The  maximum  range  of  lidar  in  a  homogeneous 
atmosphere 

The  range  of  a  lidar  system  is  a  function 
of  both  the  properties  of  the  system  and 
the  actual  weather  condition.  The  maximum 
detection  range  for  single  shot  operation 
is  defined  as  that  range  where  the  received 
power  is  equivalent  to  the  noise  equivalent 
power  of  the  receiver.  The  receiver  noise 
is  determined  by  electronic  noise  and  the 
amount  of  background  radiation.  In  the 
general  case  of  an  inhomogeneous 
atmosphere,  it  is  not  possible  to  predict 
the  maximum  detection  range.  However,  in 
the  special  case  of  a  homogeneous 
atmosphere,  this  maximum  range  can  be 
calculated  by  assuming  a  linear  relation 
between  backscatter  and  extinction.  The 
starting  point  for  the  derivation  of  the 
maximum  range  is  the  common  model  for  lidar 
signals  from  a  homogeneous  atmosphere. 


K-fl 

(A.l)  Pn  =  - - 

nZ 

K  max 


where: 

Pn  «  noise  equivalent  power  in  W 
K  =  system  constant  in  W-m3 
Rnax=  maximum  range  in  km 
B  =  backscatter  coefficient  in  km-1 
a  =  extinction  coefficient  in  km-1 

The  lidar  system  constant  K  includes  the 
receiver's  area  and  sensitivity  as  well  as 
the  energy  of  the  laser.  After  taking  the 
logarithm  of  (A.l)  and  substitution 
K'=  K/Pn  we  obtain: 


(A. 2)  2-a-Rmax  +  2-LN(Rraax)=  LN(K'-0) 


The  maximum  range  Rnax  can  now  be 
calculated  if  either  a  and  B  are  known  or 
if  a  relation  beeween  a  and  B  is  assumed 
like  B=  ak,CA  (generally  k=l).  The  first 
situation  occurs  only  in  Rayleigh 
atmospheres  while  the  second  situation, 
which  is  more  general,  occurs  if  we  are 
dealing  with  a  (homogeneous)  Mie 
atmosphere.  In  this  case  Rmax  is  solved  as 
a  function  of  the  system  parameter  K'  and 
the  ratio  of  B  and  a,  C*.  The  solution  is 
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is  found  by  talcing  the  total  derivative  of 
(A.2): 


(A.3) 

2-a-dRBax  +  2-RBax‘da  + 


2 

Rmax 


da 


dR„ 


The  extinction  at  which  the  maximum  range 
occurs  is  found  by  explicitly  writing 
dRgax/da  and  equating  this  term  to  2ero. 
This  results  in: 


1 

(A. 4)  “Raax  =  - 

2-Rmax 


"inally,  the  maximum  range  R^v  is  found  by 
substituting  (A. 4)  in  (A.2).  This  provides: 


(A. 5) 


where  e  is  the  base  of  the  natural 
logarithm. 

This  mathematical  derivation  shows  that  the 
maximum  range  of  a  lidar  in  homogeneous  Hie 
atmosphere  is  directly  proportional  to  the 
third  root  of  the  product  of  the  system 
constant  and  the  ratio  li/a.  The  maximum 
range  is  obtained  when  the  atmospheric 
extinction  coefficient  is  equal  to  the 
inverse  of  twice  this  maximum  range. 


Situations  where  a  cloud  reflection  cannot 
be  distinguished  from  the  return  of  a 
homogeneous  atmosphere 

Assume  that  the  inhomogeneous  layer  starts 
at  range  R0.  The  range  compensated  lidar 
signal  from  this  layer  can  be  described  as 
follows: 


R 


(B. 1 )  S1(R)=  B(R)-exp(-2- 


a(x)'dx)) 


A  homogeneous  layer  at  the  same  range  which 
provides  the  same  signal  is  described  by: 


(B.2)  S2(P.)=  B0-exp(-2-a0'(R-R0)) 


If  these  layers  provide  the  same  lidar 
signal  than  both  the  strength  and  the 
slopes  are  equal: 

(B. 3a)  S1(R)  =  S2(R)  and 

(B. 3b)  S1'(R)=  S2'(R) 

in  which  S'  equals  dS/dR. 

The  first  derivative  of  (B.l)  and  (B.2) 
leads  to  a  differential  equation  in  8(R): 

dB(R) 

(B.4) - 2-B(R)-(e(R)  -  aQ)  =  0 

dR 


A  linear  but  different  relation  between 
extinction  and  backscatter  is  assumed  for 
both  layers: 

(B.5)  B(R)=  k^'a(R)  inhomogeneous  layer 

(B. 6)  B0  =  kh-aQ  homogeneous  layer 

With  (B.5),  the  differential  equation  for 
B(R)  becomes: 

dB(R)  2 

(B.7) - -B2(R)  +  a0-B(R)  =  0 

dR  kj 

This  differential  equation  can  be  solved  by 
substituting: 

(B.8)  Q(R)  =  1/B(R) 

which  results  in  a  differential  equation 
for  Q(R)  according  to  (B.9): 

2 

(B.9)  Q'(R)  +  —  -  2-a0-Q(R)  =  0 

*i  • 

A  general  solution  for  Q(R)  is: 


(B.10)  Q(R)=  A  +  B-e"CR 


The  constants  A  and  C  can  easily  be  found 
by  substituting  (B.10)  and  the  first 
derivative  of  (B.10)  in  (B.9).  The  results 
are: 


1 

(B.ll)  A  =  - 

*i‘“0 

(B.  12)  C  =  -  2-cr& 

The  backscatter  profile  for  the 
innomogeneous  layer  can  now  be  found  by 
substituting  (B.8),  (B.ll)  and  (B.12)  in 
(B.9),  resulting  in: 


(B.13)  B(R) 


1  +  a0-k^-B'e2-ao'R 


The  constant  B  is  found  by  the  condition 
that  for  R=Rp  the  value  of  the  backscatter 
profile  equals  the  backscatter  of  the 
homogeneous  layer. 


(B.14)  B(R„)  =  B0 

Substituting  (B.14)  in  (B.13)  gives  the 
value  of  B: 


(B.15) 


B 
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o '  ^ o  ’  ^ 


-2. a 
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•  R 


o 


Finally  the  equation  for  the  backscatter 
profile,  which  provides  the  same  lidar 
signal  as  from  a  homogeneous  layer,  is 
found  by  substituting  (B.6)  and  (B.15)  in 
(B.13),  which  results  in: 


( B. 16 ) 


B(R) 


B.b0 
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*i 
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1.  SUMMARY 

A  technique  has  been  developed  by  which  lidar  returns  can  be 
used  to  adjust  simultaneous!)’  observed/modeled  aerosol  size 
distributions  to  represent  existing  atmospheric  conditions.  This 
technique  has  been  used  to  evaluate  the  U.  S.  Navy  Maritime 
Aerosol  model  (NAM)  and  the  U.  S.  Navy  Oceanic  Vertical 
Aerosol  Model  (NOVAM).  The  evaluation  of  NOVAM 
indicated  that,  when  scaled  to  visibility,  good  agreement  exists 
between  the  lidar  scaled  extinction  and  backscatter  coefficients 
and  the  predicted  profiles.  While  adjustments  of  the  NAM 
aerosol  number  densities  can  be  made  to  match  the  modeled 
S(R)  profiles  to  that  measured  by  lidar  in  the  first  few  meters 
above  the  surface  of  the  ocean,  the  large  adjustments  for  low 
wind  speed  indicates  that  the  modeled  aerosol  size  distribution 
shape  near  the  ocean  surface  may  not  be  correct. 

2.  INTRODUCTION 

Lidar  systems  have  been  extensively  used  in  an  attempt  to 
model  atmospheric  structure  by  measuring  the  radiation 
back-scattered  into  a  receiver  by  aerosols  at  different  ranges 
within  the  beam  of  a  pulse  lidar.  Accuracies  of  aerosol 
extinction  coefficients  determined  by  inverting  the  single-ended 
lidar  returns  have  been  questioned  and  cannot  presently  be 
as-ired  (Ref  1).  However,  a  technique  has  been  developed  by 
which  lidar  backscattered  returns,  without  question  of  the 
inversion  accuracies,  can  be  used  to  adjust  simultaneously 
measured  or  modeled  aerosol  size  distributions  (total  number 
densities)  to  represent  existing  atmospheric  conditions.  Using 
this  technique,  models  of  aerosol  size  distributions  can  be 
evaluated  as  to  their  representativeness  of  actual  atmospheric 
conditions.  Presently,  the  U.  S.  Navy's  development  and 
evaluation  of  electro-optical  systems  utilize  the  LOWTRAN 
propagation  codes  (Refs  2  &  3)  which  incorporates  several 
different  atmospheric  aerosol  models.  One  such  model  for 
calculating  aerosol  scattering  and  absorption  properties  is  the 
Navy  Maritime  Aerosol  Model  (NAM),  (Ref  4).  Another 
model  being  developed  that  is  destined  for  LOWTRAN  is  the 
Navy  Oceanic  Vertical  Aerosol  Model  (NOVAM),  (Ref  5). 
The  Navy  Maritime  Aerosol  Model  is  a  surface  based  model 
and  is  the  sum  of  three  log  normal  size  distributions.  In 
addition  to  the  surface  wind  speeds  (current  and  24-hour 
averaged)  and  relative  humidity,  the  model  requires  the  input  of 
an  air-mass  factor  which  identifies  the  origin  of  the  aerosols  as 
either  marine  or  continental  (an  integer  value  of  one  for  pure 
oceanic  air  masses  and  ten  for  coastal  region  continental  air). 
Also,  when  an  observed  surface  visibility  is  available  as  an 
input,  the  model  is  adjusted  to  make  the  visibility  calculated  at 
a  wavelength  of  0.55  pm  the  same  as  the  observed  value.  The 
accuracy  by  which  the  model  can  predict  infrared  transmission 
has  been  given  by  Gathman  and  Ulfers  (Ref  6)  and  radiance  by 
Hughes  and  Jensen  (Ref  7).  NOVAM  is  being  developed  to 
include  the  vertical  structure  of  the  aerosol  extinction  coeffi¬ 
cients  within  the  marine  boundary  layer  (MBL)  using  NAM  as 
the  kernel.  It  is  based  on  a  combination  of  empirical  and 
physical  models  (Refs  4,  8,  9,  &  10)  which  describe  the 
dynamic  behavior  of  aerosols.  A  summary  of  the  initial 
evaluation  of  NOVAM  has  been  given  by  Gathman,  et  al.,  (Ref 
5).  This  paper  presents  the  technique  by  which  lidar  returns 
can  be  used  to  validate  or  adjust  simultaneously  measured  or 


modeled  aerosol  size  distributions  to  represent  existing  atmo¬ 
spheric  conditions.  In  this  paper  case  studies  are  presented  for 
the  evaluation  of  the  NAM  for  number  densities  near  the  ocean 
surface  for  low  wind  speeds,  and  NOVAM  for  vertical  profiles 
of  aerosol  extinction.  While  this  technique  is  not  a  stand-alone 
concept,  a  single-ended  lidar  system,  when  operated  in  conjunc¬ 
tion  with  other  aerosol  and  meteorological  measurements,  is 
shown  to  be  useful  in  adjusting  aerosol  models  to  existing 
atmospheric  conditions. 

3.  PROCEDURE 

The  lidar  S(R)  quantity  is  given  by 

S(R)=ln[R(R)R2]  (1) 


where  P(R)  is  the  power  received  from  the  scattering  volume  at 
a  range  R.  In  terms  of  extinction  and  backscatter,  the  lidar 
single-scatter  equation  is  given  by 

x 

SIR)  «ln(Ci)  +ln[p(R)  1  -2 faU)dr  (2) 


where  o(R)  and  P(R)  are  the  range-dependent  volumetric 
extinction  and  backscatter  coefficients,  respectively,  and  C,  is 
the  lidar  instrumentation  constant.  Equ  2  relates  the  calculated 
aerosol  extinction  and  backscatter  coefficients  from  either 
unsealed  measured  or  modeled  aerosol  size  distributions  to  the 
lidar  backscattered  signal  S(R).  By  using  these  extinction  and 
backscatter  coefficients  from  measured  or  modeled  distributions, 
an  expected  S(R)  profile  can  be  calculated  for  the  aerosol  data 
as  a  function  of  range  (S(R)«).  Following  the  technique 
developed  by  Hughes  and  Paulson  for  adjusting  aerosol  model 
densities  to  match  lidar  S(R)  returns  (Ref  11),  the  aerosol-size 
distribution  data,  i.e.,  the  aerosol  number  density  and  resulting 
extinction  and  backscatter  coefficients,  can  be  adjusted  to  allow 
the  calculated  S(R),  values  from  Equ  2  to  match  the  measured 
lidar  S(R)„  returns,  or 

S(R)c-S(R)a  (3) 


To  do  this,  Equ  2  is  expressed  in  terms  of  a  scaling  quantity, 
k,  as 


K 

5(R)e=ln(Cj)  +ln[kp  (R)  1  -zfko(r)  dr  (4) 
o 


where  k  is  the  multiplier  of  the  measured  size  distnbution 
which  allows  Equ  3  to  be  satisfied.  The  k  value  is  determined 
from  the  measured  and  calculated  data  by  expressing  Equ  4  in 
terms  of  altitude,  h  (atmosphere  assumed  to  be  composed  of 


finite  layers  at  altitude  h„h„....hj,  and  solving  it  by  iteration 
for  k  at  each  altitude  until  Equ  3  is  satisfied  (Ref  1 1).  The 
aerosol  extinction  and  backscatter  coefficients  at  each  altitude 
are  then  sequentially  adjusted  by  k  such  that  the  calculated  and 
the  measured  lidar  S(R)  return  from  each  altitude  agree. 

4.  NOVAM  MODEL  VALIDATION 

On  30  March  1989,  nearly  simultaneous  measurements  of 
atmospheric  structure  were  made  by  using  the  Naval  Ocean 
Systems  Center  (NOSC)  airborne  platform  (Piper  Navajo 
aircraft),  (Ref  12),  and  the  Army’s  Visioceilometer  (lidar),  (Ref 
13).  The  lidar  was  mounted  on  the  aircraft  so  as  to  be  pointing 
vertically  downward.  Aerosol-size  distribution  measurements 
were  made  with  the  PMS  ASSP-100  aerosol-size  spectrometer. 
The  aircraft  made  a  slow  ascending  spiral  over  thp  ocean  just 
south  of  Pt.  Loma,  San  Diego,  CA,  from  30  to  1525  m  in 
approximately  8  minutes.  Air  temperature,  pressure,  and 
relative  humidity  were  measured  and  recorded  every  5  seconds 
(height  resolution  of  4.5  m).  A  complete  aerosol  spectrum  was 
obtained  every  4  seconds  (3.6  m  resolution).  At  300  m 
intervals  the  aircraft  leveled  momentarily  while  the  lidar  was 
fired  vertically  downward.  The  measured  aerosol-size  distribu- 
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Fig  1.  Comparison  of  the  S(RL_,  and  calculated  S(R)^ 
profiles. 


tions  were  used  to  calculate  (via  MIE  theory)  the  extinction  and 
backscatter  profiles.  The  lidar  shots  were  combined  to  generate 
a  received  backscattered  lidar  signal  profile  (S(R))  as  a  function 
of  altitude  (Equ  1). 

Using  the  aerosol  extinction  and  backscatter  profile  coefficients, 
an  expected  S(R)  profile  can  be  calculated  for  the  aerosol  data 
(S(R),)  from  Equ  2.  The  S(R)  profile  taken  by  the  lidar  at  600 
m  (S(R)J  and  the  corresponding  S(R).  aerosol  profile  are 
compared  in  Fig  1.  Good  agreement  exists  between  the  two 
profiles  up  through  the  inversion  (region  of  higher  aerosol 
density),  but  the  profiles  differ  significantly  above  the  inversion 
(region  of  lower  aerosol  density).  Above  250  m  the  aerosol 
S(R),  data  are  consistently  less  than  those  measured  by  the  lidar 
(with  the  exception  near  350  and  600  tn).  These  lower 
extinction  and  backscatter-derived  S(R)  values  undoubtingly 
resulted  from:  1)  the  statistical  sampling  period  required  for 
low  aerosol  concentration  sampling  was  not  sufficient  to  obtain 
an  adequate  data  sample  (Ref  14),  2)  the  ASSP-100  was 
designed  and  calibrated  to  size  pure  spherical  water  droplets,  an 
unlikely  condition  above  the  inversion  on  a  clear  day,  3) 
particles  above  the  inversion  were  more  likely  solid,  non- 
spherical,  and  inactivated  (not  growing  with  relative  humidity), 
(Ref  15),  and  4)  the  dynamic  range  of  the  PMS  spectrometer 
was  limited  to  sample  smaller  particles  (minimum  diameter  of 
0.45  pm).  Fig  2  shows  the  scaling  factor,  k,  required  to  match 
the  aerosol  and  lidar  S(R)  data  to  within  0. 1  percent;  k  varied 
from  0.7  to  2.25  below  the  inversion  and  up  to  3.4  above. 
This  result  is  in  agreement  with  that  found  by  Jensen,  et  al., 
(Ref  16).  They  leported  that  extinction  coefficients  derived 
from  PMS  spectrometer  data  could  vary  from  ground  truth 
measurements  by  as  much  as  a  factor  of  three  for  clear,  dry 
days. 


relative  humidity,  and  pressure  to  calculate  the  predicted 
vertical  profile  of  aerosol  extinction.  The  inversion  base  was 
at  150-200  m  (shallow  surface  haze  layer).  Surface  winds  were 
northwesterly  at  4.9  m/s  and  the  visibility  was  between  12  and 
13  km.  Calculations  were  made  for  both  marine  and  continen¬ 
tal  air-mass  factors  (AMFs)  of  1  and  10,  respectively.  The 
measured  AMF  was  not  available  for  3'0  March  1989.  Fig  3 
compares  the  NOVAM  extinction  predictions  for  a  wavelength 
of  1 .06  pm  with  those  calculated  for  both  the  scaled  (k  multipli¬ 
er)  and  unsealed  aerosol  data.  These  data  show  the  strong 
dependency  of  NOVAM  on  AMF.  When  the  AMF  was  varied 
from  1  to  10,  the  predicted  NOVAM  extinction  coefficients 
changed  by  more  than  an  order  of  magnitude.  The  aerosol 
extinction  profiles  (both  scaled  and  unsealed)  exceeded  the 
predicted  NOVAM  values  for  both  AMFs.  Similar  compari¬ 
sons  were  made  for  wavelengths  of  0.53,  3.5,  and  10.6  pm. 
For  all  wavelengths,  except  the  visible,  NOVAM  underestimat¬ 
ed  the  extinction  values. 


Fig  2.  Scaling  factor  k  to  make  the  S(R)„„  and  S(R)*„  match. 
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Fig  3.  Comparison  of  NOVAM-predicted  1.06  pm  extinction 
profiles  with  those  calculated  using  aerosol  data  (both  scaled 
and  unsealed). 


The  underestimated  extinction  values  partially  resulted  from 
NOVAM  not  being  scaled  to  surface  visibility.  Figs  4  and  5 
show  the  0.53  pm  NOVAM  calculations  for  AMFs  of  1  and  10, 
respectively,  scaled  to  the  observed  surface  visibility  of  12  km. 
This  scaling  forces  the  lowest  level  extinction  values  to  be 
equal.  A  better  agreement  now  exists  between  the  NOVAM- 
predicted  and  the  scaled-aerosol  extinction  profiles.  Below  the 
inversion  base  (150-200  m)  the  NOVAM-predicted  values  did 
not  increase  as  rapidly  as  did  those  obtained  from  the  aerosol 
data.  At  the  inversion  height,  an  excellent  agreement  existed, 
especially  for  the  AMF  of  10.  Above  the  inversion  (250  m), 
the  occurrence  of  a  larger  variation  can  be  attributed  to  the 
aerosol  sampling  problems  previously  discussed.  Figs  6  and  7 
show  the  NOVAM  calculations  for  the  far  infrared  (10.6  pm) 
and  AMFs  of  1  and  10,  respectively,  scaled  to  the  0.53  pm 
surface  visibility  of  12  km.  Even  though  the  structural  details 
below  the  inversion  (150-200  m)  are  evident  in  both  profiles. 
NOVAM  still  underestimated  the  extinction  magnitude  for  10.6 


NOVAM  used  the  measured  surface  meteorological  data  for  30  pm. 
March  1989  and  the  corresponding  profile  of  air  temperature, 
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5.  NAM  MODEL  VALIDATION 

During  the  summer  of  1990,  lidar  measurements  of  atmospheric 
structure  within  the  first  10  m  of  the  ocean  surface  were  made 
using  the  Visioceilometer.  The  lidar  was  mounted  at  the  end  of 
Scripps  Pier,  La  Jolla,  CA,  at  an  elevation  of  10  m  above  mean 
sea  level  and  a  distance  of  0.4  km  from  the  shore  line.  It  was 
mounted  so  as  to  be  pointing  seaward  and  tilted  downward  at  an 
angle  such  that  the  range  between  the  lidar  and  the  point  where 
the  beam  would  strick  the  ocean  surface  was  approximately  330 
m  (height  resolution  of  0.23  m).  Simultaneous  measurements 
of  air  temperature,  barometric  pressure,  relative  humidity,  wind 
speed,  and  sea-surface  temperature  were  made  at  the  10  m 
level. 

Following  the  procedure  developed  by  Paulus  (Ref  17),  the 
profile  of  relative  humidity  from  10  m  to  the  surface  was 
generated  as  an  input  to  NAM.  This  procedure  assumes  a 
logarithmic  decrease  of  relative  humidity  with  altitude  from  100 
percent  at  the  surface  to  the  value  measured  at  10  m.  The 
shape  of  the  profile  is  dependent  on  the  stability  of  the  interven¬ 
ing  media. 

During  each  measurement  period,  several  lidar  shots  were 
averaged  to  minimize  the  effects  of  the  horizontal  inhomogene¬ 
ities.  NAM  was  then  used  to  generate  the  aerosol-size  distribu¬ 
tions  as  a  function  of  altitude  above  the  sea  surface  and  were 
used  to  calculate  (via  MIE  theory)  the  extinction  and  backscalter 
profiles  near  the  ocean  surface.  The  lidar  provided  a  received 
oackscatter  lidar  signal  profile  (S(R)J  as  a  function  of  altitude. 
Fig  8  shows  the  vertical  profile  ot  the  modeled  relative  humidi¬ 
ty  for  30  July  1990.  Surface  visibility  was  greater  than  20  km. 
Winds  were  moderate  at  4.9  m/s  with  a  24-hour  average  of  4. 1 
m/s.  The  NAM  generated  extinction  and  backscalter  coeffi¬ 
cients  were  used  in  the  lidar  S(R)  equation  (Equ  2)  and  adjusted 
by  the  scaling  factor  k,  for  each  level,  so  that  the  modeled 
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Fig  4.  Comparison  of  NOVAM-predicted  0.53  pm  extinction 
profiles  scaled  to  surface  visibility  with  that  calculated  using 
aerosol  data.  AMF  =  1. 
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Fig  5.  Comparison  of  NOVAM-predicted  0.53  pm  extinction 
profiles  scaled  to  surface  visibility  with  that  calculated  using 
aerosol  data.  AMF  =  10. 


aerosol  S(R),  profile  would  match  the  S(R).  profile  measure  by 
the  lidar.  Fig  9  shows  the  lidar  S(R)„  profile  for  30  July  1990. 
Fig  10  shows  the  corresponding  profile  of  k-factor  needed  to 
match  the  S(R),  profile  with  the  S(R).  profile  for  AMFs  of  1, 
3,  5,  7,  and  10.  These  profiles  show  that,  for  a  k-factor  close 
to  1,  an  AMF  of  about  7  or  8  is  required  for  NAM  to  represent 
present  atmospheric  conditions  near  the  ocean  surface  (AMF 
was  not  measured).  For  an  AMF  of  7  and  a  wavelength  of 
10.6  pm,  Fig  11  shows  the  predicted  NAM  extinction  profile 
and  the  lidar  adjusted  profile  for  30  July  1990.  The  very  high 
NAM  predicted  extinction  at  zero  elevation  is  caused  by  the  100 
percent  relative  humidity  at  the  surface  as  determined  by  the 
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Fig  6.  Comparison  of  NOVAM-predicted  10.6  pm  extinction 
profiles  scaled  to  surface  visibility  with  that  calculated  using 
aerosol  data.  AMF  =  1. 
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Fig  7.  Comparison  of  NOVAM-predicted  10.6  pm  extinction 
profiles  scaled  to  surface  visibility  with  that  calculated  using 
aerosol  data.  AMF  =  10. 
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Fig  8.  Calculated  relative  humidity  profile  for  30  July  1990. 
U  =  4.9  m/s,  U(24)  =  4.1  m/s. 
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relative  humidity  program  of  Paulus  (Ref  17).  Hie  lidar 
adjusted  profiles  do  not  show  the  large  increase  of  extinction  at 
the  surface  that  the  NAM  model  predicts  based  on  relative 
humidity.  Correction  factors  at  the  surface  ranged  from  0.53 
to  1.5  in  order  to  match  the  NAM  predicted  and  the  lidar 
observed  extinction  prof 'e. 

A  similar  comparison  was  made  for  data  taken  on  26  July  1990. 
Winds  were  light  with  a  current  wind  speed  of  1.8  m/s  and  a 
24-hour  average  of  2.7  m/s.  Fig  12  shows  the  required  k-factor 
for  AMFs  of  1  and  10  required  to  match  the  lidar  S(R)  data  to 
the  NAM  modeled,  k-factors  varied  from  35  to  40  for  an  AMF 
of  1  to  3  for  an  AMF  of  10.  To  get  a  k-factor  near  1  would 
require  an  AMF  greater  than  10.  This  is  outside  the  allowable 
range  for  AMF  in  NAM. 

Similar  comparison  were  made  for  a  total  of  21  observational 
periods,  k  values  ranged  from  0.8  to  433  for  an  AMF  of  1  and 
from  0.4  to  26  for  a  AMF  of  10.  The  large  variation  of  k 
values  indicate  that  the  NAM  model,  in  its  present  form,  cannot 
be  used  with  any  realistic  degree  of  accuracy  at  1.06  pm  in  the 
coastal  regions  near  the  surface  of  the  ocean. 

6.  CONCLUSIONS 

The  Navy  Oceanic  Vertical  Aerosol  Model  was  evaluated  by 
using  nearly  simultaneous  measurements  of  atmospheric  aerosol 
structure  made  with  an  airborne  lidar  and  a  PMS  aerosol-size 


spectrometer.  Profiles  of  measured  aerosol-size  distributions 
were  scaled  to  the  lidar  returns  and  compared  with  the 
NOVAM  predictions.  The  NOVAM  predictions  underestimated 
the  extinction  values  for  all  AMFs.  However,  when  the 
predicted  extinction  values  for  a  given  AMF  were  scaled  to 
surface  visibility  (scaling  not  incorporated  in  NOVAM),  better 
agreement  existed  between  the  predicted  and  the  measured 
vertical  profiles  of  extinction.  Atmospheric  vertical  structural 
characteristics  agreed  well  with  those  observed  by  PMS  aerosol 
spectrometers  and  lidar  returns,  especially  below  the  inversion. 

The  magnitude  of  the  NOVAM  extinction  predictions  is 
critically  dependent  upon  identifying  the  air  mass  as  either 
marine  or  continental.  For  AMFs  between  1  and  10,  the 
predicted  extinction  coefficients  vary  by  more  than  an  order  of 
magnitude.  Because  of  this  NOVAM  dependency  on  AMF  and 
the  difficulty  in  obtaining  a  good  AMF  determination  from 
either  radon  concentration  measurements  or  an  air-mass 
trajectory  analysis,  Gathman  (Ref  18)  is  incorporating  into 
NOVAM  a  technique  whereby  AMF  is  deduced  from  visibility 
measurements. 

The  Navy  Oceanic  Vertical  Aerosol  Model  shows  potential  for 
predicting  the  vertical  aerosol  structure  within  the  marine 
boundary  layer.  Scaling  to  visibility  and  incorporating  a 
technique  to  better  estimate  the  AMF  are  expected  to  improve 
NOVAM  for  calculating  scattering  and  the  absorption  properties 
of  the  MBL. 
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Fig  9.  SfRU  profile  for  30  July  1990.  U  =  4.9  m/s,  U(24) 
=  4.1  m/s. 
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Fig  11.  Comparison  of  the  lidar-adjusted  extinction  coefficient 
profile  at  10.6  pm  with  that  calculated  by  NAM  for  30  July 
1990.  AMF  =1.  U  =  4.9  m/s,  U(24)  =  4.1  m/s. 
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Fig  10.  k  factor  profiles  needed  to  match  the  1.06  pm  SfR)^ 
profile  for  30  July  1990  for  air-mass  factors  of  1,  3,  5,  7,  and 
10  (right  to  left,  respectively).  U  =  4.9  m/s,  U(24)  =  4. 1 
m/s. 
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K-FACTOR 

Fig  12.  k  factor  profiles  needed  to  match  the  1.06  pm  S(R)UJ 
data  for  26  July  1990.  AMFs  =  1  and  10.  U  =  1.8  m/s, 
U(24)  =  2.7  m/s. 
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NAM  in  its  present  form,  cannot  be  used  with  any  realistic 
degree  of  accuracy  at  1.06  pm  in  the  coastal  region  near  the 
surface  of  the  ocean.  The  program  greatly  underestimates  the 
extinction  and  backscatter  coefficients  for  low  wind  speed 
conditions.  Average  adjustment  factors  up  to  greater  than  400 
were  required  for  an  air-mass  factor  of  1  and  wind  speeds 
around  1  to  2  meters  per  second.  Since  it  is  very  difficult,  if 
not  impossible,  to  determine  what  the  air-mass  factor  should  be, 
an  air-mass  factor  of  10  was  used  as  well.  Even  when  the  air- 
mass  factor  is  set  to  its  maximum  value,  to  try  to  compensate, 
the  adjustment  factor  was  usually  considerable  great  than  unity. 

7.  RECOMMENDATIONS 

While  adjustment  of  the  NAM  aerosol  number  densities  can 
match  the  model  S(R)  profile  to  that  measured  by  the  lidar,  the 
large  adjustment  factors  required  for  low  wind  speeds  would 
suggest  the  shape  of  the  aerosol  size  distribution  is  probably  not 
correct.  The  model  would  then  give  incorrect  results  if  it  were 
used  for  the  longer  wavelengths.  A  better  approacn  would  be 
to  use  the  lidar,  along  with  the  wind,  AMF,  and  aerosol  size 
distribution  measurements,  to  try  to  adjust  the  appropriate 
parameters  in  the  NAM  model  so  the  model  and  the  lidar  give 
the  same  S(R)  with  adjustment  factors  close  to  unity. 
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Do  you  have  a  computer  simulation  program  for  lidar  returns  for  different  atmospheric  conditions? 
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We  do  not  have  such  a  simulation  program. 
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SUMMARY 

Modelers  beware!  There  are  important 
issues  that  must  be  considered  in  model¬ 
ing  of  infrared  systems  that  are  not 
being  appropriately  extrapolated  for 
applications  of  today's  more  complex  and 
sophisticated  sensors  to  ever  increasing 
ranges,  what  is  measured  vertically  may 
not  be  directly  applicable  to  horizontal 
paths.  The  degradation  of  the  atmosphere 
for  far-infrared  imaging  systems  is  not 
merely  an  absorption  coefficient  derived 
from  LOWTRAN  calculations,  nor  can  the 
spatial  degradation  due  to  propagation  be 
considered  as  an  atmospheric  modulation 
transfer  function  (AMTF)  of  unity,  espe¬ 
cially  for  hot  desert  regions  of  current 
interest.  The  same  is  true  for  the  non¬ 
uniformity  of  aerosol  obscurants  whose 
spatial  degradation  is  not  fully  charac¬ 
terized  by  a  single  extinction  coeffi¬ 
cient  but  rather  requires  a  complex  point 
spread  function  or  AMTF. 

Recent  measurements  by  the  Mobile  Imaging 
Spectroscopy  Laboratory  (MISL)  have  shed 
new  light  on  the  real  degradation  pro¬ 
duced  by  atmospheric  propagation  on  far- 
infrared  imaging  systems.  By  the  hot  and 
cold  bars  and  the  unique  measurement 
technique  of  closeup  and  distant  simulta¬ 
neously  collected  matched  imagery  of  a 
large  area  blackbody  target  board,  the 
AMTF  has  been  shown  to  be  definitely 
nonzero  for  both  atmospheric  horizontal 
path  turbulence  and  aerosol  clouds.  In 
addition  observations  of  the  target  board 
without  the  bar  pattern  and  uniform  back¬ 
grounds  have  been  used  to  compare  the 
MISL  measured  contrast  transmission  with 
LOWTRAN  calculations. 
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Transmission  Code 
R  -  range 


rc(R)  -  contrast  transmission  for 
range,  R 

C(0)  -  inherent  target  contrast 

C(R)  -  target  contrast  from  range,  R 

v  -  spectral  frequency 

F(v)  -  system  spectral  response  func¬ 

tion 

v,  to  Vj  -  limits  of  system  spectral 
response  function 

Lp(R,v)  -  path  spectral  radiance  over 
range,  R 

Lt(0,v)  -  inherent  background  spectral 

_  radiance 

?(R)  -  system  weighted  atmospheric 

transmission  over  range,  R 
AT  -  change  in  temperature  between 

target  and  background 
BBre  -  target  board  hot  bar  to  cold 

bar  contrast  transmission 
-  target  board  hot  bar  to  vege¬ 
tative  background  contrast 
transmission 

IFOV  -  instantaneous  field  of  view 

SRF  -  slit  response  function 

DFT  -  discrete  Fourier  transform 

MTF  -  modulation  transfer  function 


1.  INTRODUCTION 

With  the  ever  increasing  sophistication 
of  today's  weapon  systems,  characteriza¬ 
tion  of  the  propagation  environment  has 
increased  in  its  importance.  This  is 
especially  true  for  the  horizontal  lines 
of  sight  (LOS)  near  the  ground  (Ref  1) . 
While  airborne  active  and  passive  remote 
sensors  can  accurately  profile  tempera¬ 
ture,  humidity,  winds,  and  extinction, 
the  extrapolation  of  these  parameters  to 
horizontal  infrared  imaging  system  per¬ 
formance  requires  great  care.  As  recent 
events  have  shown,  ground  warfare  can 
occur  at  lightning  speed;  and  the  unit 
that  "sees"  best  in  the  battlefield  envi¬ 
ronment  has  a  tremendous  advantage.  With 
increasing  s.patial  resolution  of  second 
and  third  generation  forward-looking- 
infrared  (FLIR)  systems,  target  acquisi¬ 
tion  is  being  degraded  by  more  than  just 
an  extinction  coefficient  as  longer  range 
detection  is  sought.  Optical  turbulence, 
which  is  recognized  in  the  visible  as 
shimmer  above  hot  asphalt  pavement  in  the 
daytime  and  twinklinq  of  distant  city 
lights  at  night,  has  been  shown  to 
degrade  infrared  imagery  as  well  (Ref  2). 
This  distortion  has  been  characterized  as 
a  complex  point  spread  function  or  atmo¬ 
spheric  modulation  transfer  function 
(AMTF)  (Refs  3  and  4).  In  addition  to 
the  thermally  induced  degradation,  there 
is  also  nonuniforraity  in  extinction  coef¬ 
ficients  along  the  LOS  to  the  individual 
scene  areas  comprising  the  pixels  of  the 
target  and  background,  which  alters  the 
AMTF  and  contrast  transmission  as  well  as 
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solar  loading  changes  that  also  influence 
the  contrast  transmission  (Ref  5) .  This 
paper  discusses  these  topics. 

2.  BACKGROUND 

For  several  years  the  Atmospheric  Sci¬ 
ences  Laboratory  (ASL)  has  been  develop¬ 
ing  a  unique  research  tool — the  Mobile 
Imaging  Spectroscopy  Laboratory  (MISL) 
(Refs  6  and  7) .  The  MISL  is  comprised  of 
a  Fourier  transform  spectrometer  (FTS) 
and  an  imaging  component  termed  the  Tar¬ 
get  Contrast  Characterizer  (TCC) .  It  is 
the  use  of  the  TCC  that  is  stressed  here. 
The  TCC  has  two  far-infrared  8-  to  14-fira 
imagers  that  are  used  to  characterize  the 
atmospheric  AMTF.  The  complex  means  to 
accomplish  this  are  described  in  detail 
elsewhere  (Refs  3  and  4);  but,  in 
essence,  the  target  and  background  of 
interest  are  viewed  with  two  optically 
matched  imagers  along  a  common  LOS.  One 
imager  is  placed  at  close  range  or  in  the 
near  field  (NF) ;  the  other  imager  is 
placed  at  a  distant  location  or  in  the 
far  field  (FF)  and  is  equipped  with  a 
compensating  telescope.  The  resulting 
images  are  registered  pixel  for  pixel 
with  an  image  processing  system  and 
remote  control  and  data  transfer  via 
fiber  optics.  Paramount  to  the  success 
of  this  alignment  process  is  the  use  of 
single  detector  scanning  imagers,  even 
though  their  spatial  resolution  and  sen¬ 
sitivity  are  less  than  most  FLIRs.  Also 
the  development  of  a  large  area  (1.78  by 
1.78  m)  blackbody  with  uniform  surface 
temperature  was  essential.  The  uniquo 
design  of  tilting  the  oven  surface  of 
this  blackbody  back  to  allow  the  heating 
air  to  rise  along  the  backside  of  the 
front  surface,  coupled  with  an  offset 
see-through  front  bar  pattern  for  near 
perfect  hot  to  cold  bar  transition,  has 
made  the  measurement  of  the  AMTF  and  con¬ 
trast  transmission  with  the  TCC  possible. 


In  theory,  characterization  of  the  AMTF 
is  straightforward  with  the  TCC  (Refs  3 
and  4).  If  the  imagers  are  noiseless 
with  identical  impulse  functions, 
h,(x,y),  and  the  degradation  is  a  deter¬ 
ministic  point  spread  function,  ha(x,y) , 
then  the  zero-range  or  "truth"  image, 
f(x,y),  as  observed  by  the  closeup  imager 
is  fNr(x,y)  »  f (x,y)  *  h,(x,y),  where  * 
denotes  a  two-dimensional  spatial  convo¬ 
lution.  The  image,  f(x,y),  as  observed 
by  the  distant  imager  is  ffr(x,y)  = 
f(x,y)  *  h,(x,y)  *  hd(x,y).  The  AMTF 
(the  Fourier  or  Laplace  transform  of  the 
degradation  point  spread  function)  is 
simply  the  ratio  of  the  Fourier  (or 
Laplace)  transforms  of  the  long-  and 
short-range  images. 


AMTF  *  Kd(x,y) 


P,r(x,y) 

F^ix.y) 


n  F(x,y)  .  HAx,y)  ,  Hd(x,y) 
F(x,y)  .  Hl(x,y) 


(1) 


In  practice,  however,  several  diffi¬ 
culties  arise.  The  imagers  are  not 
identical  and  each  has  an  associated 
noise  process  that  must  be  characterized. 
Each  imager  exhibits  a  different  line- 
to-line  scan  anomaly,  and  the  imagers  are 
neither  line-to-line  nor  frame  synchro¬ 
nized.  Finally,  the  AMTF  is  not  a  deter¬ 
ministic  point  spread  function  but, 
rather,  a  complicated  nonstationary 
random  process. 

Spatial  degradation  along  horizontal 
paths  is  only  one  issue  that  must  be 
considered  in  assessing  imaging  system 
performance.  Another  is  the  contrast 
loss  due  to  propagation  and  weather 
related  conditions.  Many  assessments  of 
FLIR  system  performance  are  based  on  an 
absorption  coefficient  derived  from 
LOWTRAN  or,  better  yet,  an  extinction 
coefficient  that  includes  scattering 
losses.  But  the  quantity  that  is  really 
needed  for  assessment  is  contrast  trans¬ 
mittance,  r„(R),  which  is  the  ratio  of 
the  distant  range,  R,  to  inherent  range 
(zero)  contrasts  or  C(R)/C(0).  Watkins 
et  al.  give  detailed  derivations  that 
allow  a  simplified  expression  for  rc(R) 
(Ref  8) . 


C(R )  .  _ 1 _ 

vi 

/  Lp(R,v>  F(v)  dv 
+  _ X; _ 

Fiv)  x(R,v)  dv 

(2) 


where  v  is  the  spectral  frequency;  F(v) 
is  the  system  response  function  that 
spans  frequencies  v,  to  v2;  I^,(R,v)  is  the 
path  spectral  radiance  over  the  distance, 
R;  LbfC^v)  is  the  background  spectral 
radiance  at  zero  range?  and  r(R,v)  is  the 
spectral  atmospheric  transmission  over 
the  distance,  R.  Note  that  optimization 
of  rt(R)  for  humid  conditions  requires 
proper  selection  of  the  system  response 
function,  F,  which  has  been  accomplished 
for  the  TCC  imagers  through  use  of  cold 
finger  filters  based  on  FTS  measurements 
(Ref  9). 

Now,  for  the  condition  where  the  path 
spectral  radiance  does  not  have  an 
appreciable  component  from  external 
sources  such  as  cold  sky  or  solar  reflec¬ 
tions  or  pyrotechnic  smokes  (not  in 
general  a  good  battlefield  environment 
assumption) ,  the  expression  for  contrast 
transmission  reduces  to 


C(0) 


XC(R)  a  - i -  =  t(R)  , 

1  -  1  '  I1M 

T  (R) 


(3) 
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where  t(R)  is  the  system  weighted  atmo' 
spheric  transmission  given  by 


Jt(R,v)  F(v)  dv 

x(R)  =  ^ -  •  W 

V, 

Jf(v)  dv 

The  TCC  is  ideally  suited  to  measure 
directly  contrast  transmission  because 
the  NF  imagery  can  be  used  to  obtain  an 
excellent  approximation  of  the  zero-range 
contrast,  C{0) ;  and  the  FF  imagery  to 
obtain  the  distant  contrast,  C(R) .  The 
computational  procedures  for  arriving  at 
the  value  of  re  from  measured  target  and 
background  apparent  temperatures 
described  by  Watkins  et  al.  (Ref  8)  can 
be  approximated  within  a  couple  of 
percent  for  target  and  background  tem¬ 
peratures  near  300  K  by  simply  taking  the 
ratio  of  the  FF  and  NF  difference  temper¬ 
atures,  ATS.  or 


t C(R)  a 


Tt(FF)  -  vm 
Tt(NF)  -  Tb(NF) 


(5) 


imagers  were  positioned  at  NF  =  96  m  and 
FF  =  1,637  m  from  the  large  area  (1.78  by. 
1.78  m)  target  board  with  a  large  ever 
green  tree  for  the  background.  The  FF 
was  matched  to  the  NF  with  a  17X  lens 
whose  transmission  properties  were  deter¬ 
mined  by  initially  positioning  it  at  the 
NF  location  and  comparing  target  and 
background  temperatures  measured  by  the 
NF  and  FF  imagers.  To  obtain  the  appar¬ 
ent  target  and  background  temperatures 
for  the  contrast  transmission  value,  the 
average  target  temperature  was  calculated 
for  a  square  region  in  the  center  of  the 
target  board  with  1/4  the  length  and 
height  of  the  target  board  as  in  Fig.  la. 


A  comparable  square  region  in  the  back¬ 
ground  was  used  to  obtain  the  average 
background  temperature.  This  was  done 
for  both  the  NF  (Fig.  la)  and  FF  (Fig. 
lb),  and  the  resulting  r0  -  0.80  was 
obtained  by  using  Eq.  (5) .  The  meteoro¬ 
logical  parameters  used  in  LOWTRAN  x 
calculations  at  this  time  were  temper¬ 
ature  of  21  °C,  pressure  of  1,006  mbar, 
relative  humidity  of  53  percent,  typical 
minor  constituent  concentrations,  and 
rural  aerosols  with  20  km  visibility. 

The  resulting  LOWTRAN  7  calculations  for 
the  path  difference  between  the  NF  and  FF 
resulted  in  a  t  "  0,82,  which  consid¬ 
ering  the  uncertainty  in  the  LOS  aerosol 
extinction  is  quite  good  compared  to 
previous  measurements  with  a  small  area 
target  board  (Ref  8) . 


Measurements  of  Te (R)  using  the  TCC  can 
be  compared  with  IX)WTRAN  7  (Ref  10)  cal¬ 
culations  by  using  Eqs.  (4)  and  (5),  but 
there  are  some  spatial  resolution  issues 
that  must  be  addressed  if  the  problems 
experienced  previously  (Ref  8)  are  to  be 
avoided.  To  overcome  these  problems  the 
large  area  blackbody  was  used  without  a 
front  bar  pattern  to  produce  a  resolvable 
uniform  hot  surface  for  NF  to  FF  compar¬ 
isons. 

The  issue  of  image  resolution  brings  up 
an  interesting  question  of  how  best  to 
describe  image  degradation.  If  the  NF 
and  FF  images  are  compared  pixel  by  pixel 
to  obtain  values  of  contrast  transmis¬ 
sion,  the  values  obtained  will  vary 
greatly  because  of  the  spatial  resolution 
differences.  The  optical  turbulence 
degradation,  AMTF,  will  increase  these 
differences.  The  issue  of  how  best  to 
use  TCC  comparison  of  NF  to  FF  images  for 
overall  image  degradation  quantification 
is  still  under  investigation.  One 
metric,  the  "complexity  measure,"  is  cur¬ 
rently  being  used  (Ref  11) .  The  com¬ 
plexity  measure  is  a  quantity  from  0 
(disjoint  distributions)  to  1  (indistin¬ 
guishable  distributions)  based  on  the 
overlap  of  the  distributions  of  gray 
scale  values  in  equal  pixel  areas  of 
target  and  background. 

3.  MEASUREMENT  AND  ANALYSES 

The  TCC  measurements  of  atmospheric 
degradation  will  begin  with  the  concep¬ 
tually  simpler  contrast  transmission 
instead  of  the  AMTF.  The  TCC  8-  to  14-pm 


Now,  the  question  is  what  happens  when 
the  bar  pattern  target  board  required  to 
measure  the  AMTF  is  used  as  in  Figs.  2a 
and  2b.  The  same  square  averaging  region 
cannot  be  used.  If  a  vertical  strip  is 
taken  as  the  new  averaging  region  to 
obtain  the  average  temperatures  for  the 
hot  and  cold  bar  centers  as  well  as  the 
background,  a  couple  of  options  are  pos¬ 
sible.  The  target  to  background  contrast 
temperatures  can  be  between  hot  and  cold 
bars  or  hot  bar  and  cold  vegetative  back¬ 
ground.  The  resulting  values  for  r,  are 
for  bar  to  bar,  terc  *>  0.13,  and  for  hot 
bar  to  vegetation,  ,vrc  -  0.65,  The  dis¬ 
crepancies  between  the  r,  values  obtained 
with  these  contrast  sources  and  the 
exposed  whole  target  board  to  uniform 
background  are  related  to  spatial  resolu¬ 
tion  and  the  AMTF. 

The  manufacturer-specified  instantaneous 
field  of  view  (IF0V)  for  the  single 
detector  scanning  imager  is  2  mrad  for 
the  IX  lens,  which  is  positioned  96  m 
from  the  target  board  with  25  cm  separa¬ 
tion  between  the  vertical  bars.  Figure 
2a  shows  the  resulting  infrared  image 
with  a  4X  electronic  blowup  and  an 
implied  19  by  19  cm  IFOV;  the  imager  slit 
response  function  (SRF)  should  be  around 
0.7.  This  was  verified  by  measuring  the 
uniform  blackbody  surface  with  the  bar 
pattern  removed  to  show  that  only  40  per¬ 
cent  of  the  inherent  bar  pattern  AT  was 
detected  in  good  agreement  with  an  SRF  of 
0.7.  When  the  recorder  MTF  was  consid¬ 
ered,  the  resulting  area  in  the  image, 
which  was  averaged  to  obtain  a  single 
scene  pixel  value,  was  21  pixels  high  and 
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26  pixels  wide — the  bars  being  15.5  pix¬ 
els  wide.  The  results  in  the  FF  using  a 
17X  lens  at  1,637  m  were  essentially  the 
same  under  quiescent  atmospheric  condi¬ 
tions.  Figure  2b  shows  that  during  most 
of  the  day  optical  turbulence  was  pres¬ 
ent,  resulting  in  marked  distortion  of 
the  target  board  bar  pattern.  It  is  this 
spatial  distortion  that  produces  signifi¬ 
cant  errors  in  the  contrast  transmission 
values  derived  from  the  narrow  hot  bars 
of  the  target  board  that  are  not  present 
when  the  central  portion  of  the  whole 
1.78  by  1.78  m  blackbody  source  is  used. 
The  large  errors  in  the  bar  pattern 
measured  re  values  would  be  less  if  an 
FLIR  with  better  resolution  were  used, 
but  they  would  not  disappear.  For  a 
better  understanding  the  magnitude  of  the 
optical  turbulence  distortions  must  be 
quantified  as  an  AMTF. 


Again  all  the  details  of  deriving  the 
AMTF  from  images  such  as  Figs.  3a  and  3b 
using  Eq.  (1)  are  given  elsewhere  (Refs  3 
and  4).  The  deriviations  will  only  be 
summarized  here.  To  bagin,  an  approach 
utilizing  one-dimensional  discrete 
Fourier  transforms  (DTFs)  of  horizontal 
scans  through  the  target  board  pattern 
instead  of  two-dimensional  fast  Fourier 
transforms  was  used  because  the  noise 
reduction  and  field-to-£ield  phase  cor¬ 
rection  algorithms  needed  for  the  latter 
process  are  still  under  development  for 
the  recently  acquired  database  presented 
hero.  Line  scans  horizontally  through 
the  center  of  the  target  board  bars  in 
Figs.  3a  and  3b  are  shown  in  Fig,  4  for 
256  by  256  pixel  portions  of  the  scenes. 
With  a  15.5-pixel  spacing  between  bars  or 
a  31-pixel  cycle,  the  DFT  of  these  line 
scans  will  have  a  peak  at  index  8  associ¬ 
ated  with  the  3.5-cycle  bar  target.  This 
is  shown  in  Fig.  5  where  the  whole  target 
board  has  a  significant  peak  at  index  1 
and  harmonics  at  indices  3  and  5.  The 
energy  content  of  indices  12  and  above 
are  basically  noise  because  these  fre¬ 
quencies  cannot  be  resolved  with  the 
imager.  Note  that  there  is  about  a  70 
percent  loss  of  energy  content  for  the 
index  8  between  the  NF  and  FF  because  of 
optical  turbulence.  This  translates  into 
a  significant  loss  in  the  resolving  capa¬ 
bility  of  o.l  mrad  features,  which  the 
bars  represent  at  1.6  km  over  a  horizon¬ 
tal  path  when  the  temperature  is  only 
25  °C.  This  measure  of  AMTF  was  consis¬ 
tent  over  frames  spaced  10  s  apart  (Fig. 

6) ,  and  the  average  of  these  three  images 
yields  an  AMTF  whose  shape  based  on  the 
high-energy  indices  l,  3,  5,  and  8  shows 
a  consistent  falloff  and  represents  an 
average  or  slow  AMTF  in  (Fig.  7).  Before 
these  measurements  the  AMTF  was  always 
considered  to  be  unity  for  the  far  infra¬ 
red  over  horizontal  paths.  The  only 
other  AMTF  measurement  in  the  infrared 
was  for  the  near  infrared  (Ref  12)  and 
was  not  measured  in  the  field.  The  bot¬ 
tom  line  is  that  the  increased  spatial 
resolution  of  today's  PLIRs  are  going  to 
be  degraded  by  optical  turbulence  over 
horizontal  paths  near  the  ground  in  warm 
climates  such  as  those  of  current  inter¬ 
est. 


The  issue  of  dust  cloud  obscuration  will 
now  be  addressed.  Often  the  attenuation 
produced  by  large  clouds  of  vehicular 
dust  is  uniform.  By  observing  a  vehicu¬ 
lar  dust  cloud  that  passed  between  the  NF 
and  FF  during  a  time  of  minimal  optical 
turbulence  distortion,  the  effect  of  the 
obscurant  attenuation  was  observed  as  a 
resulting  change  in  AMTF.  First  the 
contrast  reduction  of  the  FF  image  of  the 
target  board  is  illustrated  in  Fig.  8. 

The  DFTs  of  lines  through  the  FF  target 
board  image  with  no  dust  are  shown  in 
Fig.  9.  The  corresponding  DFT  plots  with 
dust  and  contrast  reduction  are  shown  in 
Fig.  10.  When  gain  is  applied  to  rees¬ 
tablish  the  index  1  peak  in  Fig.  11,  the 
DFT  plots  for  dust  (Fig.  11)  and  no  dust 
(Fig.  9)  are  almost  identical,  and  the 
dust  modulation  transfer  function  (MTF) 
is  essentially  unity.  Unfortunately, 
battlefield  obscurants  are  not  uniform 
and  can  have  significant  emissive  or 
reflective  components  that  can  influence 
the  overall  AMTF  by  adding  clutter  to  the 
target  scenes.  This  can  be  illustrated 
by  observing  the  dust  cloud  produced  by  a 
tank  going  down  a  sandy  road  in  the 
desert  on  a  clear  day.  Viewing  the  dust 
cloud  produced  at  near  normal  incidence 
indicates  the  cloud  is  essentially  the 
same  apparent  temperatura  as  the  road  in 
Fig.  12.  As  the  viewing  angle  to  the  top 
of  the  cloud  becomes  a  grazing  one,  the 
cloud  begins  to  reflect  the  cold  far- 
infrared  sky  temperature  as  in  Fig.  13. 


Now,  another  measure  of  changes  in  target 
contrast  is  the  "complexity  measure"  (Ref 
11) ,  which  essentially  is  the  overlap  of 
equal  area  target  and  background  inten¬ 
sity  distributions.  Like  the  AMTF  the 
complexity  measure  is  essentially  inde¬ 
pendent  of  attenuation  or  gain  change. 
Figure  14  shows  the  low  NF  and  FF  com¬ 
plexity  measure  values  when  the 
complexity  measure  was  applied  to  TCC 
imagery  of  an  exposed  tank  against  a 
vegetative  background  at  midday.  Three 
separate  simulated  artillery  dust  events 
occurred  during  this  7.5  min  time  inter¬ 
val.  During  the  heavy  dust  event,  the 
attenuation  was  so  severe  that  the  target 
scene  became  blank;  and,  hence,  the  tar¬ 
get  and  background  areas  were  identical 
(complexity  of  l.o).  During  the  other 
two  events,  the  dust  cloud  attenuation 
was  not  uniform  and  was  mixed  with  hot 
explosion  by-products.  The  result  was 
that  the  complexity  measure,  which  like 
the  AMTF  is  insensitive  to  uniform  atten¬ 
uation,  increased  significantly  because 
of  the  nonuniform  attenuation  and  path 
radiance  characteristics  of  simulated 
battlefield  conditions.  Finally,  even 
though  the  baselines  of  the  NF  and  FF 
complexity  measures  track  each  other 
quite  well,  they  are  not  constant.  In 
fact,  the  NF  complexity  changes  from  0.2 
to  0.1  in  less  than  7  min  due  to  solar 
loading  changes. 


The  dramatic  influence  that  solar  loading 
changes  have  on  target  contrast  is  not 
fully  appreciated  when  remote  sensing  is 
applied  to  characterizing  the  vertical 
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structure  for  extrapolation  to  the  ground 
level  propagation  environment.  What  goes 
on  under  the  clouds  is  remarkable.  As  it 
turns  out,  the  windspeed  is  the  driving 
parameter  for  contrast  changes  of  camou¬ 
flage  netting  and  vegetative  backgrounds 
(Ref  5) .  For  2  days  with  nearly  the  same 
relative  humidity,  temperature,  and  vari¬ 
ability  of  solar  loading,  a  change  of 
from  2  to  3  m/s  windspeed  to  5  to  6  m/s 
windspeed  can  have  tremendous  impact  on 
target  contrast.  During  the  higher  wind 
conditions,  the  camouflage  net  has  a  high 
complexity  value  or  blends  well  with  the 
background  over  an  8-min  time  interval 
(Fig.  15) .  The  exposed  tank  complexity 
starts  out  near  0.2  for  sunny  conditions 
and  then  drops  sharply  to  0.05  when  the 
target  area  is  shaded.  During  the  low 
windspeed  conditions,  a  remarkable  change 
occurs.  The  camouflage  net  cannot  follow 
the  cooling  cycle  of  the  vegetative  back¬ 
ground,  as  illustrated  in  Fig.  16.  Only 
during  shady  conditions  does  the  camou¬ 
flage  net  blend  into  the  background  (high 
complexity) .  when  the  sun  comes  out,  the 
low  thermal  mass  camouflage  net  actually 
becomes  easier  to  see  than  the  exposed 
vehicle  (lower  complexity) .  In  fact,  the 
camouflage  net  almost  flickers  as  the 
solar  loading  changes.  What  a  difference 
windspeed  can  makel 


In  summary  this  material  may  prove  useful 
to  individuals  tasked  with  modeling  of 
far-infrared  imaging  system  performance 
for  horizontal  path  applications  based  on 
remotely  sensed  atmospheric  parameters. 
Because  of  the  increased  spatial  reso¬ 
lution  for  longer  range  applications, 
FLIRs  are  now  susceptible  to  degradation 
from  optical  turbulence.  The  magnitude 
of  this  AMTF  degradation  is  not  easily 
estimated  from  remotely  sensed  vertical 
profiles,  nor  is  the  nonuniformity  of 
aerosol  obscuration  that  can  include  cold 
sky  reflection  as  well  as  emissive  path 
radiant  clutter.  Besides  the  spatial 
distortions  that  must  be  included  in 
system  performance  modeling,  target  con¬ 
trast  reduction  due  to  natural  attenua¬ 
tion  cannot  be  fully  characterized  with  a 
single  absorption  coefficient.  The  more 
accurate  measure  of  the  degradation  due 
to  atmospheric  propagation  (the  contrast 
transmission  that  includes  path  radiance 
contributions  and  inherent  contrast 
changes)  can  be  correlated  to  LOWTRAN 
calculations;  but  for  this  meacurement- 
to-prediction  comparison,  extreme  care 
must  be  used,  of  interest  are  target 
metrics  that  are  least  sensitive  to  the 
propagation  environment.  The  complexity 
measure  metric  was  used  to  illustrate 
uniform  attenuation  insensitivity,  but 
solar  loading  changes  coupled  with  low 
levels  of  wind-speed  caused  dramatic 
fluctuations  in  this  metric.  The 
research  continues  for  better  methods  of 
longer  range  target  detection,  and  proper 
characterization  of  cloud  cover  Induced 
contrast  changes  may  be  useful  in  these 
pursuits. 
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6.  ILLUSTRATIONS 
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Fig.  la.  Closeup  or  NF  (96  m  range) 

8-  to  14 -pm  image  with  65  by  87  mrad 
field  of  view  showing  the  exposed  1.78 
by  1.78  r  blackbody  (right)  and  evergreen 
tree  background  (left)  on  a  50  °C  full- 
scale  sotting. 


Fig.  lb.  Distant  or  FF  (1,637  m  range) 
8-  to  14-pm  image  with  4  by  5  mrad  field 
of  view  showing  the  exposed  1.78  by 
1.78  m  blackbody  (right)  and  evergreen 
tree  background  (left)  using  a  20  °c 
full-scale  setting. 
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Fig.  2a.  Same  NF  scene  as  Fig.  la  except 
the  target  board  has  the  3.5-cycle  bar 
pattern  in  place  using  a  20  °C  full-scale 
setting. 


Fig.  3a.  NF  blowup  image  of  the  target 
board  with  bar  pattern  in  the  afternoon 
with  25  °C  a.„bient  temperature. 


Fig.  2b.  Same  FF  scene  as  Fig.  lb  except 
the  target  board  has  the  3.5-cycle  bar 
pattern  in  place  using  a  10  °C  full-scale 
setting. 


Fig.  3b.  FF  blowup  image  of  the  target 
board  with  bar  pattern  in  the  afternoon 
with  25  °c  ambient  temperature  showing 
optical  turbulent  distortion  of  the  bars 


Image  Averaged  Rows 
10  Rows  88-160  8  rows  apart 


Column  Index 


Fig.  4.  Average  gray  scale  plots  of  10 
horizontal  line  scans  through  NF  and  FF 
scenes  illustrated  in  Figs.  3a  and  3b. 


Estimated  AMTF  using  DFTs  of 
Averaged  Rows 


Fig.  6.  Set  of  three  ratios  of  FF/NF 
DFTs  like  Fig.  5  yielding  estimates  of 
the  AMTF  for  image  pairs  spaced  approxi¬ 
mately  10  s  apart. 


DFT  of  Image  Averaged  Rows 
10  Rows  88-160  8  rows  apart 


DFT  Index  (#  of  cycles  in  256  pixels) 


Estimated  AMTF  using  DFTs  of 
Averaged  Images  and  Rows 


DFT  Index 


Fig.  5.  DTFs  of  plots  shown  in  Fig.  4 
with  the  peak  at  index  8  corresponding  to 
the  bar  pattern  r  -  mg  frequency. 


Fig.  7.  Smoothed  estimate  of  the  AMTF 
using  the  averaged  images  from  Fig.  6 
showing  a  70  percent  drop  in  energy  con 
tent  for  the  bar  pattern  frequency  at 
index  8. 
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Relative  Frequency  Histograms 


Fig.  8.  Histograms  of  FF  images  of  the 
target  board  as  in  Fig.  3b  for  no  dust 
and  a  couple  second  later  dust  attenuated 
(shift  to  lower  gray  level)  image. 


Far  Field  -  No  Dust 


OFT  Index  (#  cycles  in  256  samples) 


Fig.  9.  Set  of  3  horizontal  line  DFT 
plots  through  the  center  of  the  target 
board  with  no  dust  attenuation. 


Far  Field  -  Dust 


Fig.  10.  Set  of  the  same  three  horizon¬ 
tal  line  DFT  plots  as  in  Fig.  9  with  dust 
attenuation  present. 


Far  Field  -  Dust  (Contrast  Adjusted) 


DFT  Index  (#  cycles  in  256  samples) 


Fig.  11.  Set  of  contrast  adjusted  (based 
on  Fig.  8)  DFT  plots  in  Fig.  9  showing  no 
MTF  distortion  of  the  target  board  bars 
from  the  Fig.  9  DFT  plots. 
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Fig.  12.  Far-infrared  image  of  tank 
driving  down  a  hot,  sandy  road  with 
trailing  dust  cloud  blending  into  the 
road  apparent  temperature. 


Fig.  13.  Far-infrared  image  of  the  same 
tank  as  in  Fig.  12  just  17  s  later  with 
trailing  dust  cloud  top  surface  grazing 
view  angle  now  reflecting  the  clear,  cold 
sky  and  highly  contrasted  against  the 
warm  road. 


near-fleld  to  far-fleld  comparison 
with  dust  In  the  !ln»-of-sigftt 


Fig.  14.  NF  versus  FF  tank-to-background 
complexity  for  dust  clouds  in  the  line  of 
sight. 


high  wind -speed  conditions  _ _ 
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tank 


Fig.  15.  Complexity  during  high  wind- 
speed  conditions  for  a  target  of  high 
thermal  mass  (tank)  compared  to  a  target 
of  low  thermal  mass  (camouflage  net) . 


low  wind- speed  conditions 


Fig.  16.  Complexity  during  low  windspeed 
conditions  for  a  target  of  high  thermal 
mass  (tank)  compared  to  a  target  of  low 
thermal  maos  (camouflage  net) . 
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DISCUSSION 


E.  SCHVVEICHER 

1.  Your  definition  of  contrast  does  not  comply  with  the  definition  of  the  MTF.  Can  you  explain? 

2.  Why  did  you  use  a  1.8m  x  1.8m  target  instead  of  the  standard  NATO  2.3m  x  2.3m  target? 

3.  How  do  dust  clouds  perform  on  8-12p  images  compared  to  3-5p  images? 

AUTHOR’S  REPLY 

1.  I  have  used  to  U.S.  Army  Night  Vision  definition  of  contrast  for  measurement  and  prediction  of  the  contrast  transmission. 
A  denominator  of  the  sum  of  the  background  and  target  radiances  could  have  been  used  as  well.  The  MTF  measurements  were 
derived  strictly  from  the  comparison  of  image  spatial  content  and  not  contrast. 

2.  The  choice  of  1.8m  was  for  expedience  because  aluminum  sheets  are  much  easier  to  obtain  in  the  U.S.  in  6  ft.  widths. 

3.  The  dust  clouds  vary  differently  depending  upon  the  precise  environmental  condition.  For  clear  sky  conditions  the  8-1 2p 
image  would  typicatly  show  colder  sky  reflections  than  the  3-5p  because  the  8-1 2p  sky  is  colder  than  the  3-5p  and  generally 
the  reflection  at  longer  wavelengths  is  greater.  However,  there  may  be  emissive  components  in  the  3-5p  dust  cloud  to  consider. 


D.  HOEHN 

Youfouml  cases  of  thermal  contrast  loss  created  by  atmospheric  turbulence.  Have  you  also  observed  cases  of  contrast  created 
by  real  thermal  path  variance  in  the  atmosphere? 

AUTHOR’S  REPLY 

In  order  to  enhance  our  sensitivity  to  measure  long  range  atmospheric  distortions  due  to  turbulence  and  aerosol  attenuation, 
the  3-5p  and  8-1 2p  images  have  cold  finger  spectral  filters  to  greatly  reduce  the  effect  of  inherent  atmospheric  path  radiance. 
The  effects  of  mmisstve  clutter  caused  by,  for  example,  explosive  dust  clouds  will  affect  the  3-5p  more  than  the  8-12p.  Also 
the  size  of  the  emissive  clutter  will  have  the  most  impact  when  its  spatial  dimension  are  of  the  same  size  as  the  target  features 
of  interest. 


E.  TULUNAY 

Isn’t  the  function  hfx.y)  time  dependent? 

AUTHOR’S  REPLY 

There  is  a  time  depemlence  of  hfx.y),  but  its  magnitude  is  small  compared  to  the  physical  effects  being  characterized.  One 
reason  for  this  is  because  the  imagers  that  use  the  Target  Contrast  Characterizer  are  single  detector  scanning  radiometers. 
The  normal  mode  of  operation  is  in  a  highly  oversampled  fashion  meaning  that  the  instantaneous  field  of  view  is  much  larger 
than  the  iiulividual  pixel  sizes  resulting  in  temporal  averaging  already  being  present  in  the  imagery. 


Compact  Laser  Doppler  Anemometer 

Ch. Werner,  M.Klier,  H. Herrmann,  E.Biselli,  and  R. Haring 
DLR-lnstitute  of  Optoelectronics 
8031  Oberpfalfenholen 
Federal  Republic  of  Germany 


1.  Summary 

Wind  profiles  in  the  atmospheric  boundary  layer  are  a 
very  important  parameter  also  to  study  atmospheric 
exchange  processes.  A  small  laser  Doppler  anemometer 
was  designed,  constructed  and  testet.  The  system 
consists  of  the  laser  Doppler  anemometer  mounted  on  a 
pedestal  and  controlled  by  a  personal  computer.  A  sine 
wave  fitting  computer  program  is  used  to  get  the  wind 
velocities  and  wind  direction  for  the  levels  selected.  This 
sophisticated  program  can  distinguish  between  cloud  and 
aerosol  signals  and  uses  also  the  azimuthal  angle- 
velocity  for  extracting  the  direction  of  the  wind. 


2.  Introduction 

The  wind  field  in  the  atmospheric  baundary  layer  is  highly 
variable  in  spatial  and  temporal  scales.  For  a  few  possible 
applications  a  more  frequent  wind  sensing  is 
necessary,  l.e. 

-  for  airports  located  in  low  level  jet  areas, 

-  for  chemical  plants  to  get  information  of  the 
transport  of  toxic  gases  from  leakages, 

-  for  military  application  (artillery). 

Only  a  few  techniques  can  be  applied  to  get  the  wind  field 
in  the  boundary  layer.  The  laser  Doppler  systems  are  a 
candidate. 

There  are  a  few  laser  anemometry  projects  performed 
during  the  past  years  (Woodlield  and  Vaughan,  1983,Kopp 
et  a!., 1984).  RSRE  designed  and  manufactured  with  GEC 
a  LAser  True  Airspeed  Sensor  (LATAS) ,  a  very  compact 
system  in  the  early  80's.  Also  RSRE  and  GEC  designed 
and  manufactured  a  cw-laser  Doppler  system  for  DLR  in. 
1981.  This  system  was  installed  in  a  container  and  has 
been  operated  at  airports,  artillery  ranges  and  on  a 
Northsea  research  platform  (Werner  et  al.,1986).  Pulsnd 
systems  with  larger  range  capacity  are  in  use  at  NOAA- 
Boulder  (M.J.Post,1990). 

This  paper  summarizes  the  principle  technique,  gives  the 
special  design  of  the  new  compact  system  and  presents 
test  and  simulation  results. 

The  requirements  for  the  system  are  a  compact  design 
and  an  automatic  or  half-automatic  operation.  The 
required  windspeed  measurement  capability  is  listed  in 
table  1. 


Table  1:  Required 

Windspeed  Measurement  Capability 

Windspeed  Maximum  30  m/s 

Minimum  1  m/s 

Accuracy  1  m/s 

Wind  direction  Accuracy  5  degree  at  max.windspeed 

Measurement  points:  Typically  5  height  levels  between 
10  m  and  300  m  above  ground. 
Measurement  time:  Typically  60  seconds  per  level 
Mode  of  operation:  nearly  fully  automatic 

3.  Principle  of  Doppler  L  'dar  Technique 

Figure  1  shows  the  principle.  For  the  continuous  wave 
(cw)  C02-laser,  the  energy  is  focused  by  the  telescope 
into  the  region  of  investigation.  Some  of  the  radiation  Is 
backscatterod  by  small  aerosol  particles  drifting  with  the 
wind  speed  through  the  sensing  volume.  Aerosol  particles 
moving  with  the  wind  are  the  targets  for  the  Doppler  lidar, 
therefore  a  resonable  number  of  particles  is  necessary  to 
produce  a  signal.  The  backscattered  radiation  is 
collected  by  the  telescope  and  detected  by  coherent 
technique.  In  that  way  ,  the  Doppler  frequency  shift  can 
be  extracted  which  directly  determines  the  line-of-sight 
component  of  the  wind  vector.  At  C02-lf.ser  wavelengths 
of  10.6  micrometers  a  velocity  component  of  1  m/s 
corresponos  to  189  kHz  frequency  shift. 


Figure  1 :  Laser  Doppler  Anemometer 

a)  principle 


b)  frequency  scale 
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The  frequency  scale  is  shown  in  figure  1b.  The  center 
frequency  is  the  laser  output  frequency  which  is  for  the 

wavelength  of  10.6  micrometer  28.3  1012Hz.  The  Doppler 
shifted  radial  velocity  for  the  atmospheric  wind  is  between 
0  and  25  MHz. 

The  coherent  detection  technique  uses  part  of  the  output 
energy  of  the  master  oscillator  laser  (1)  for  an  offset 
locking  loop  (2)  that  maintains  the  local  oscillator  laser  (3) 
at  a  constant  frequency  difference  from  the  master 
(Figure  2). 


Figure  2:  Block  Diagram  of  the  Coherent 
Detection  Technique 


The  radiation  passes  through  a  Brewster  window 
(4), aligned  for  horizontal  polarization,  through  a  quarter- 
wave  plate  (5)  to  rotate  tho  polarization  to  circular ,  and 
into  a  telescope  (6).  The  telescope  collimates  the  beam 
and  transmits  it  into  the  atmosphere.  The  return  beam, 
Doppler  shifted  and  rotated  in  polarization,  comes  back 
along  the  same  path  into  tho  telescope  (6)  and  to  the 
quarter-wave  plate  (5).  Because  of  the  reverse 
polarization  of  the  return  beam,  the  radiation  passing 
through  the  quarter-wave  plate  now  becomes  vertically 
polarized.  The  beam  is  reflected  by  the  Brewster  window 
(4)  to  a  beam  splitter  (7) ,  where  it  is  combined  with  the 
local  oscillator  beam  and  transmitted  to  the  detector  (8). 
The  coherent  mixing  of  the  two  beams  is  called 
heterodyning  and  results  in  an  interference  pattern 
imaged  on  the  surface  of  the  detector.  If  one  uses  the 
master  laser  also  as  a  local  oscillator,  one  can  reduce  the 
amount  of  components  necessary  for  such  a  system.One 
gets  a  homodyne  system. 

The  interference  pattern  fluctuates  according  to  the 
difference  in  frequency  oi  the  two  beams,  thereby 
resulting  in  an  electrical  signal  coming  out  oi  the  detector 
in  the  form  of  a  frequency  modulated  wave  with  the 
modulation  frequency  being  equal  to  the  Doppler  shift  of 
the  return  beam.  The  signal  processor  necessary  for  the 
frequency  analysis  gives  an  output  resolution  depending 
on  the  processor.  For  cw-laser  Doppler  systems  normally 
the  Surface  Acoustic  Wave  analyzers  are  used  with  a 
resolution  in  the  order  of  20  kHz.  These  cw-laser  Doppler 
systems  are  used  as  ground  based  systems  to  get  wind 
profiles  in  the  atmospheric  boundary  layer.  The  range 
resolution  depends  on  the  focus  size  of  the  telescope 
used. 

With  the  described  laser  Doppler  method  one  gets  the 
radial  wind  component.  To  determine  the  magnitude  and 
direction  of  the  horizontal  wind,  some  form  of  scanning  in 
azimuth  and  elevation  is  required  (Schwiesow  et 
at.,  1985),  Lhermitte  and  Atlas  (1961)  showed  that  it  is 
possible  to  retrieve  mean  horizontal  wind  magnitude  and 
direction  from  radial  velocity  data  around  horizontal 


circles  centered  on  the  vertical  axis  of  the  scanner 
(Figure  3). 


Figure  3:  Velocity-Azimuth-Display  (VAD) 

Scan  Technique 

This  type  of  pattern  is  called  a  conical  scan  because  the 
lidar  beam  sweeps  out  a  cone  with  the  apex  at  the 
scanner.  The  representativeness  of  wind  values  derived 
from  scans  over  parts  of  a  full  circle  were  determined  by 
Schwiesow  et  al.  (1985).  The  task  is  to  fit  the  measured 
radial  velocity  vlos  vs-  azimuth  data  to  a  function  ol  the 

form 

vlos  ■  I u  sin0  cos<p  + v  cose  C0S(p  +  w  sin(p  I 

where 

u  is  the  east-west  wind  component, 
v  is  the  north-south  wind  component, 
tv  is  the  vertical  wind  component, 

6  is  the  scan  angle  clockwise  from  north,  and 
<p  is  the  elevation  angle, 

using  a  standard  least-square  procedure.  The  calculation 
can  be  made  also  for  an  azimuth  angle  region  (sector)  in 
the  order  of  45  degree.  As  known  from  other  fitting 
procedures,  one  needs  a  number  of  data  points  to  get  tho 
accurate  wind  vector.  As  known  from  the  equation  shown 
above  at  least  there  are  data  sets  necessary  at  two 
different  azimuth  angles  to  get  the  horizontal  wind 
components  u  and  v.  Figure  3  shows  below  the  different 
radial  wind  components  versus  the  azimuth  angle.  For  a 
homogeneous  wind  field  these  components  form  a  sine 
wave.  The  deviation  from  the  zero  line  is  direct 
proportional  to  the  vertical  wind  component  (dashed  lino). 


4.  Design  of  the  Compact  Laser  Doppler 
Anemometer  (LDA) 

The  following  sections  describe  the  design  of  the  laser 
system,  its  principle  operation  and  its  signal  processing. 

4.i  introduction 

The  block  diagram  in  f  gure  4  shows  the  different  units  of 
the  compact  LDA 


Figure  4:  Block  Diagram  of  the  LDA 


On  the  right  side  is  the  block  diagram  of  the  control  unit, 
in  the  middle  is  the  opto-mechanical  part.  This  pari  is 
shown  again  on  the  left  side  ol  figure  4,  where  the  opto¬ 
mechanical  part  is  viewed  from  the  top.  The  opto¬ 
mechanical  part  is  fixed  on  a  small  van  (100  x  80  cm) 
which  can  be  located  horizontally  by  4  support  parts.  The 
scanning  device  Is  mounted  on  the  van  and  the  LDA  again 
is  mounted  on  the  scanner.  This  mounting  is  made  special 
to  allow  an  eccentric  scan  of  the  LDA. 

The  scanner  and  the  LDA  are  operated  and  controlled  by 
the  electronics.  Two  racks  are  used.  One  contains  a 
power  supply  (220  v  ac  vs.  24  v  do)  and  the  scanner 
control.  The  second  rack  (separated  In  figure  4  by  the 
thick  solid  line)  contains  the  computer  (Compaq  386),  the 
LDA  control  and  the  signal  processing  (SAW)  and 
integration  unit. 

4.2  Optics 

The  main  part  of  the  compact  LDA  is  the  optics.  It 
consists  of  the  three  parts:  Laser.transceiver  optics  and 
interferometer. 

The  laser  is  a  four  Watt  Laser  Ecosse  Ltd.  CM  1000 
waveguide  laser  (former  Ferranti ).  It  is  a  dc-driven  laser 
which  needs  a  Freon  cooling  system. 

To  keep  the  system  compact.the  transceiver  optics  is  a 
compromise.  On  one  side  one  has  the  requirements  for  a 
good  range  resolution  and  therefore  for  a  large  primary 
mirror, on  the  other  side  is  the  problem  of  compactness. 
The  maximum  distance  at  which  wind  measurements  can 
be  made  is  determined  by  the  amount  of  laser  radiation 
which  is  backscattered  from  atmospheric  aerosols  within 
the  focal  volume  of  the  transmitted  beam  and  by  the 
proportion  of  backscatter  which  is  then  collected  by  the 
receiver  telescope.  The  length  of  the  focal  volume,  L,  can 
be  determined  as  follows 

L  «  1.5  ttA  R  2  /  D2 

where  A  is  the  laser  wavelength,  R  is  the  distance  at 
which  the  measurement  is  made  and  D  is  the  diameter  of 
the  telescope.  This  relation  used  for  the  C02-laser  and  a 
telescope  with  250  mm  aperture,  at  a  distance  of  300  m 
the  extend  L  of  the  focal  volume  is  72  m.  Figure  5  shows 
the  transceiver  optics. 


Figure  5:  Transceiver  Optic 


The  data  are  listed  in  table  2. 

Table  2:  Parameters  of  the  Transceiver  Optic 

Laser:  CM  1000 

beam  diameter  2.8  mm 
Mirror  Ml:  diameter  250  mm 

focal  length  -500  mm 
LenseLI:  ZnSe 

focal  length  -97  mm 
Lense  L2:  ZnSe 

focal  length  -  34  mm 
(for  range  positioning) 
flat  mirrors  M2, M3 

The  laser  output  is  split  into  the  main  beam  for 
transmission  (figure  5)  and  a  low  power  local  oscillator 
beam.  The  transmitted  and  the  local  oscillator  beams 
enter  an  optics  monoblock  interferometer  which 
comprises  a  cooled  detector  and  a  number  of 
beamsplitting,  polarization  selecting  and  reflecting  optical 
elements. 

The  interferometer  performs  several  functions  including 
the  separation  of  the  transmitted  and  received  beams, 
the  combination  of  the  received  beam  with  the  local 
oscillator  and  the  monitoring  of  the  spectral  outputof  the 
C02-laser  for  the  purpose  of  stabilizing  it  on  one 
mode.Figure  6  shows  the  layout  of  the  Interferometer. 


Figure  6:  Layout  of  the  Interferometer 

The  laser  radiation  is  passing  a  Brewster  window  B  and  is 
split  by  the  window  W1  (95%  reflection)  into  the  two 
beams.  The  reflected  beam  is  passing  a  Germanium 
quarter-wave  plate  before  entering  the  lense  L2  (see  also 
figure  5).  This  is  the  transmitted  beam  into  the  telescope. 
The  lense  L2  is  motor  driven  in  position  for  range 
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control.The  local  oscillator  radiation  originates  from  the 
mirror  M5.  Another  quarter-wave  plate  and  a  neutral  filter 
W2  is  used  to  get  the  correct  polarization  and  power.  The 
two  beams,  received  backscatter  radiation  and  local 
oscillator  are  combined  at  the  Brewster  plate  B  directed 
into  the  SAT  MCT  Joule-Thomson  cooled  detector.  A 
tense  L3  and  a  field  stop  is  placed  between  the  Brewster 
plate  and  the  detector. 

The  optics  and  the  laser  including  the  power  supply  built 
the  LDA  measurement  head, The  cooling  for  the  laser  and 
the  ballast  resistors  of  the  high-voltage  is  located 
adjacent  to  the  head  (figure  4). 

4.3. Scanner 

The  scanner  is  an  ORBIT  AL4371  scanner  .elevation  over 
azimuth.  This  unit  is  a  standard  for  microwave  antennas 
and  is  used  in  a  modified  version  to  allow  an  azimuthal 
scan  velocity  of  20  degree  per  second.  The  LDA  head  is 
mounted  on  one  side  of  the  scanner.on  the  other  side  is 
the  Nitrogen  bottle  for  the  Joule-Thomson  cooler.  On  top 
of  the  scanner  the  laser  cooling  device  is  placed.  The 
system  is  controlled  manually  or  via  IEEE  bus.  The  range 
scanning  is  performed  by  moving  the  lense  12  (figure  5) 
manually  or  also  by  IEEE  bus  routine. 

4.4  Signal  Electronics 

The  detector  output  is  preamplified  and  the  signal  is  fed 
into  mixers  where  the  beat  frequency  (figure  1)  is 
extracted.  This  frequency  is  then  measured  by  a 
spectrum  analyzer  and  the  output  is  transferred  to  a 
digital  integrator  where  the  signal  to  noise  is  improved 
prior  to  analysis  by  the  wind  vector  processor.Figure  7 
shows  the  block  diagram  of  the  signal  processing. 


Figure  7:  Block  diagram  of  the  signal  processing 

The  preamplified  signal  reaches  the  SAW  device  (MESL) 
and  the  integrator  (GEC).  It  is  a  modified  unit  with  a  digital 
output  the  computer  can  handle  via  Direct  Memory 
Access  (DMA). 


4.5  Signal  Processing 

As  shown  in  figure  7  the  signal  is  at  the  integrator.  A 
computer  Compaq  386  (modified  for  24  v  dc  operation)  is 
used  to  get  the  stored  data.  Additional  the  scanning 
procedure  is  performed  via  a  preselected  programmable 
file.  Together  with  control  data  on  the  performance  of 
laser  and  detector  via  an  A/D  board  the  data  of  each 
record  is  stored  on  the  hard  disc  of  the  computer.  After 
finishing  the  scan  program,  the  raw  data  are 
preprocessed  to  produce  the  data  file  which  can  further 
be  stored  on  a  floppy  disc.  Direct  -  on-line  -  data  handling 
is  possible. 

4.6  Data  Handling 

Figure  8  shows  a  typical  spectrum  from  the  spectrum 
analycer  and  integrator.  The  scales  are  signal  voltage  vs. 
line-of-sight  (LOS)  velocity  ( on  the  bottom)  and  the  digital 
bins  (on  the  top).  The  integrator  produces  frequency 
spectra  which  carry  the  wind  information,  averaged  ovei 
selectable  time  periods  from  1.6  to  52  billiseconds. 
Specifically,  the  peak  position  in  the  spectrum 
corresponds  to  the  magnitude  of  the  most  probable  radial 
wind  components  in  and  outside  the  sensing  volume.  Fog 
and  cloud  scattorers  can  produce  signals  that  can  have 
their  origin  from  outside  the  sensing  volume  (Werner  et 
al.,1987). 


digital 


Figure  8:  Doppler  Spectra  in  a  Digital  Frame 

The  block  header  contains  the  focused  position  and  the 
complete  spectrum.  Using  the  LDA  as  a  homodyne 
system  as  described  ,  one  cannot  determine  the  sign 
(plus  or  minus)  of  the  radial  velocity.  Therefore  a  special 
procedure  (see  below)  is  introduced.  The  data  system  Is 
able  to  handle  50  millisecond  averaged  data.  The  flow 
diagram  to  compute  the  wind  field  is  shown  in  figure  9. 
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4.7  Special  Setups 

The  nearly  automatic  operation  of  the  compact  LDA 
needs  some  control  mechanism.  The  control  starts  after 
switch-on  with  a  supervizing  of  the  detector  temperature 
and  of  laser  power  and  mode  control.  The  protective 
housing  of  the  LDA  can  be  opened  by  the  computer  to 
start  the  measurements.  After  finishing  the 
measurements  ,  a  close-up  procedure  starts.  The 
operator  have  to  select  the  program  file  and  has  to 
answer  a  few  questions  during  the  operation,  for  example 
the  direction  of  the  small  van  with  respect  to  North. 

5.  Tests 

A  test  procedure  was  developed  to  show  the  influence  of 
noise  in  the  signal  on  the  wind  vector  determination.  The 
described  case  with  a  low  level  cloud  explains  the 
procedure.  Figure  10  shows  an  example  of  the  signals 
during  a  scan  from  0  degree  to  120  degree  in  azimuth 
(range  is  424  m,  elevation  45  degree).  Two  intensities 
show  a  sine  wave  shape  with  some  noise  in  the  frequency 
scale. 


Figure  9:  Flow  Diagram  of  Data  Handling 

On-line  data  handling  from  the  hard  disc  or  later 
computation  from  a  floppy  disc  starts  with  the  angle 
selection.  Each  line-of-sight  wind  signal  for  an  azimuth 
angleis  selected.  If  two  signals  for  the  same  azimuth 
angle  exist,  an  averaging  is  done.  The  position  of  the  van 
In  direction  to  North  is  corrected  in  the  subprogram  “angle 
correction".  The  scanner  has  a  fixed  angle  encoder  to  its 
own  zero. 

The  procedure  “wind  direction  estimator"  uses  the 
following  approach  (Biselli  and  Werner  1989,  Hausamann 
and  Davis  1990):  Most  of  the  operational  cw-LDA 
systems  use  an  eccentric  scan  paltern.  Eccentric  means 
that  there  is  an  additional  movement  introduced  by  the 
scan  mirror.  The  rotational  velocity  is  small  compared  to 
the  wind  component.  Normally  this  component  is 
neglected.  Using  a  fast  digital  data  system  one  can  use 
this  additional  component  io  determine  the  sign  of  the 
wind  direction  for  a  homodyne  lidar.  If  one  scans  with  the 
wind  direction, the  rotational  component  is  added.  If  one 
scans  against  the  wind, the  component  is  subtracted.  The 
different  frequency  shifted  values  between  both  scans 
can  be  measured. 

The  sine  wave  fitting  computer  program  is  starting  with 
the  peak  selection.  Each  peak  in  order  to  amplitude  and 
frequency  is  determined.  The  fitting  routine  uses  the 
amplitude  as  a  parameter.  It  determines  the  u,v,and  w 
components  of  the  wind  vector  for  each  altitude  level.  If 
similarities  of  the  determined  wind  exist  between  the 
levels,  a  procedure  to  fit  the  wind  profile  is  used.  This 
procedure  is  based  on  the  fact  that  a  low  level  cloud  base 
can  contribute  by  measuring  from  lower  level  to  higher 
one  with  an  increasing  amplitude  to  the  determined  signal. 
The  amplitude  is  an  indicator  for  this  behaviour. 


F  z =qu°ii7. 

Figure  10:  Simulation  Example  of  a  Scan 

The  intensity  is  noisy  also  but  split  into  two 
regimes. Figure  11  shows  the  data  for  the  same 
simulation.  Three  regimes  of  intensities  are  selected.  The 
first  two  regimes  contain  the  information. 
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Figure  11:  Example  of  Intensity  Selection 

These  two  intensities  can  be  fitted.  For  the  test  a  wind 
profile  was  assumed.  Table  3  shows  the  result. 
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Table  3:  Results  of  a  Simulated  Wind  Profile 
using  the  LDA  Data  Handling  Procedure 
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Figure  12:  Result  of  a  Wind  Measurement 


Five  levels  were  chosen  in  heights  from  50  m  to  400  m. 
The  intensities  i  of  the  signal  (see  figure  11)  contain  noise 
and  a  cloud  influence  with  a  cloud  base  height  in  400  m. 
The  determined  horizontal  wind  components  vx  and  Vy 

show  similarities  (see  flow  diagram  in  figure  9)  in  three 
levels.  The  intensity  changes  caused  by  the  cloud 
influence  between  levels  4  and  5. 

Tests  of  the  sign  of  the  wind  can  be  performed  also.  The 
method  depends  on  the  noise  in  frequency  (and  intensity) 
also  as  on  the  number  of  points  used  for  the  fitting.  The 
eccentric  rotation  is  assumed  to  contribute  as  an 
additional  z-component  of  the  wind  vector.  If  one  can 
separate  the  computed  z-component  for  the  two 
rotational  directions,  one  can  determine  the  sign  or  -  with 
other  words,  one  can  apply  the  method.  Table  4  shows  the 
results  of  a  few  cases. 


Table  4:  Influence  of  Noise  and  of  the  Sector 
Size  on  the  Determination  of  the  Sign 


Input 

Output 

vx «  10m/s 

Vx 

Vy  -  tOm/s 

Vy 

Vz  -  ±  0,2  m/8 

Vj 

1-  1,F«  1.S-360 

10,0 

10,0 

0,2 

10,0 

10,0 

•o,z 

1  -  8,  F  -  8.  S  -  360 

10,0 

10,1 

0.3 

9.9 

10,1 

0,1 

1.  1.F-  1.S-90 

10.1 

to.t 

0,1 

9,9 

10,0 

■0,2 

1  -  8.  r  >  8,  S  -  90 

10,0 

10,4 

0,2 

10.1 

10,5 

0.7 

I  =  Intensity  /  bit  F  =  Irequency  /  channel  S  -  sector 


It  was  assumed  to  have  a  homogeneous  horizontal  wind 
field  (vx  =  Vy  m  10  m/s).  The  z-component  is  caused  only 
by  the  rotation  (no  natural  z-component).Tho  sector  size 
(S)  was  varied  and  the  noise.  The  noise  in  intensity  (I)  is 
given  in  bits.the  noise  in  frequency  (F)  is  given  in 
channels  (out  of  375).  The  result  in  the  horizontal  wind 
estimates  is  within  the  requirement  (table  1).  The  sign 
(vz)  is  separable  also  out  of  noisy  data  from  a  sector. 

6.  Measurements 

Tne  first  field  test  was  performed  end  of  August  1991  on 
the  Meppen  Proving  Ground.  Figure  12  shows  one  result. 


Within  the  360  degree  azimuth  angle  there  are  the  data 
points  and  there  is  the  fitted  sinus.  The  data  wore 
measured  between  150  degree  and  230  degree  under  25 
degree  elevation  and  at  a  range  of  100  m.  The  result  of 
the  wind  sensing  was  a  horizontal  wind  with  3.3m/s  out  of 
192  degree. 

7.  Conclusion 

We  have  developed  a  compact  laser  Doppler  anemometer 
to  measure  wind  profiles  in  the  atmospheric  boundary 
layer.  The  problem  to  handle  the  system  nearly 
automatically  was  described.  The  system  development 
gave  experiences  on  the  way  to  the  development  of  a 
spaceborne  global  wind  sensor. 
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DISCUSSION 


F.  DAVARIAN 

In  one  of  your  viewgraphs  you  showed  measured  wind  speed  distribution.  The  chart  showed  a  signal  component  at  the  origin 
(dc).  Would  you  comment  on  why  the  dc  component  exists? 

AUTHOR’S  REPLY 

The  zero  frequency  originates  from  the  mixing  of  the  outgoing  laser  frequency  f„  with  radiation  reflected  from  different  optical 
parts  back  to  the  detector.  For  a  very  frequency  stable  COfraser  this  zero  component  is  in  the  order  of  100  kHz,  for  the  C02- 
waveguide  laser  we  use  it  is  in  the  order  of  200  kHz  corresponding  to  1  m/s  wind  velocity. 
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Remote  Sensing  of  the  Atmosphere  by 
Multi-Channel  Radiometers 

Faramaz  Davarian 
Jet  Propulsion  Laboratory 
California  Institute  of  Technology 
4800  Oak  Grove  Drive 
Pasadena,  CA  91109,  U.S.A. 


1.  ABSTRACT 

To  characterize  Earth/space  communication  links,  The 
Jet  Propulsion  Laboratory's  (JPL's)  Radiowavc 
Propagation  Program  supports  a  number  of  propagation 
studies.  Low-availability  satellite  links  and  their 
propagation  vagaries  at  Ka  and  millimeter-wave  bands 
constitute  a  major  effort  within  this  program.  Since 
1987,  this  program  has  funded  the  Wave  Propagation 
Laboratory  (WPL)  of  the  National  Oceanic  and 
Atmospheric  Administration  (NOAA)  to  conduct 
multiple-frequency  radiometric  observations  of  the 
atmosphere.  The  Wave  Propagation  Laboratory  has 
extensive  experience  in  using  two-  or  three-frequency 
radiometers  at  20, 31,  and  90  GHz.  These  instruments 
provide  unique  observations  of  prccipilablc  water  vapor 
and  liquid.  Equally  useful  arc  the  microwave 
attenuation  characteristics  that  these  devices  can  easily 
provide.  Attenuation  statistics  arc  needed  for  the  design 
of  satellite  communicaUon  systems. 

Measurements  of  atmospheric  emission  and  attenuation 
at  20,  31,  and  90  GHz  at  different  locations  arc 
presented.  Single-station  and  joint-station  statistics  are 
derived.  A  linear  regression  scheme  for  the  prediction 
of  fade  statistics  in  one  channel  using  fade  data  of  the 
other  two  channels  is  presented. 


2.  INTRODUCTION 

Physically  compact  satellite  ground  terminals  operating 
at  Ka  and  higher  frequency  bands  arc  attracting  the 
attention  of  both  commercial  and  military  service 
providers.  Such  terminals  could  vary  in  antenna  size 
from  about  a  meter  to  about  10  cm.  Unfortunately,  due 
to  the  limited  antenna  gain  of  a  compact  ground 
terminal,  the  satellite  link  is  likely  to  suffer  from  the 
lack  of  adequate  margin  to  support  a  high  link 
availability.  Therefore,  a  low-margin  link  can  benefit 
from  fade  (mostly  rain  fade)  compensation.  In  theory, 
the  received  signal  strength  can  be  monitored  at  the 
ground  terminal  and  an  approaching  fade  can  bo 
detected.  The  detection  of  a  fade  would  start  a  process 
that  would  boost  the  link  margin  for  the  period  of  the 
fade  event 

Many  fade  compensation  schemes,  including  uplink 
power  control,  data  rate  reduction,  and  signal  encoding, 
have  been  discussed  in  the  literature.  The  success  of 


any  fade  compensation  scheme  hinges  upon  the  timely 
detection  of  an  approaching  fade.  Fade  detection  may 
be  performed  by  the  monitoring  of  a  satellite- 
transmitted  beacon  and  the  use  of  already  available 
signal  attenuation  statistics. 

To  accumulate  signal  attenuation  statistics,  the 
Propagation  Program  at  JPL  has  three  ongoing  efforts. 
Two  of  these  efforts  use  Ka-band  beacons  transmitted 
from  spacecraft,  namely,  the  Olympus  [1J  and  ACTS 
[2]  satellites.  The  third  uses  ground-based  radiometers 
at  Ka  and  millimctcr-wavc  bands.  Ground-based 
radiometers  have  proven  to  be  practical  and  very  cost 
effective  means  of  atmospheric  attenuation 
measurement.  Although  the  main  objective  is  to  collect 
statistics  on  atmospheric  microwave  attenuation  and 
emission,  atmospheric  water  vapor  and  liquid  content 
measurements  arc  also  possible  as  byproducts  of  the 
studies  supported  by  the  program. 

WPL  has  designed,  constructed,  and  operated  ground- 
based  multi-frequency  microwave  radiometers  in  the 
past.  Data  from  these  instruments  can  be  used  to 
provide  information  useful  for  radio  propagation 
research.  Since  late  1987,  investigators  from  WPL  have 
participated  in  the  Propagation  Program  and,  employing 
the  NOAA  ground-based  radiometers,  have  provided 
the  propagation  community  with  valuable  data.  Some 
of  the  results  from  WPL  experiments  will  be  presented 
in  this  paper. 


3.  ATTENUATION  AND  BRIGHTNESS 
TEMPERATURE 

The  atmospheric  microwave  radiation  is  described  by 
the  brightness  temperature,  Tj,,  which  depends  on 
frequency.  For  a  nonscattcring  atmosphere,  Tj,  is 
related  to  the  absorption  coefficient  of  the  medium  via 
the  radiative  transfer  equation.  Assuming  a  mean 
physical  temperature  for  the  medium,  denoted  by  Tm, 
the  radiative  transfer  equation  can  be  simplified  to: 

Tb  =  X-  +  Tni(l-  t  (1) 

where  Te  represents  the  radiation  entering  the 
atmosphere  (cosmic  radiation),  and  L  is  the  loss  factor 
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due  to  the  absorbing  medium.  Equation  1  can  be  solved 
for  L  to  yield  the  following  result: 


_  Tm  -  Te 

^m'^b 


(2) 


Note  that  L  ranges  from  a  large  value  (opacity)  to  1 
(perfect  transparency).  In  practice,  Tm  is  estimated 
from  surface  temperature  measurements  and/or 
radiosonde  data.  T(,  is  obtained  from  radiometric 
observation  of  the  atmosphere,  and  2.75  K  is  the  value 
assumed  for  Tc. 


4.  TWO-FREQUENCY  MEASUREMENTS 
Dual-frequency  measurements  were  made  at  two 
locations  in  1988  [3],  and  both  single-station  and  joint- 
station  statistics  will  be  presented  in  this  section.  The 
stations  arc  50  km  apart,  located  in  Denver  and 
Plattcvillc.  Colorado,  and  arc  at  about  the  same  altitude 
with  similar  climates.  The  Denver  radiometer  has  a 
2.5°  bcamwidih  for  both  frequencies,  whereas  the 
Plattcvillc  radiometer  has  a  5°  bcamwidih  for  both 
frequencies.  The  experiments  were  conducted  in  two 
seasons,  the  winter  and  summer  of  1988. 


5.  ACCURACY  OF  A  TTENUATION  DATA 
The  accuracy  of  attenuation  data  depends  on  how  well 
Tt,andTm  can  be  measured.  The  absolute  accuracy  of 
the  radiometers  is  about  i  K.  The  standard  deviation  of 
error  in  estimating  Tm  by  climatology  is  about  6  or  7  K. 
To  investigate  tLe  effect  of  a  change  in  Tm  cm  the 
calculated  amount  of  L,  Figure  4  shows  plots  of  L  as  a 
function  of  Tj,  for  two  values  of  Tm,  275  K  and  265  K. 
The  difference  between  the  two  curves  is  also  shown  on 
the  same  chan  and  is  labeled  "Error."  As  is  evident 
from  Figure  4,  an  uncertainty  of  10  K  in  the  measured 
value  of  Tm  will  not  significantly  affect  the  calculated 
value  of  L  for  small  attenuations,  but  for  attenuations 
larger  than  lOdB  the  error  is  significant  For  example, 
for  T|j  =  250  (wncre  attenuation  is  about  12  dB),  the 
uncertainty  in  calculating  L  is  2  dB  for  an  error  of  10  K 


6.  THREE-FREQUENCY  MEASUREMENTS 
The  ihrec-frcquency  measurements  presented  herein 
were  conducted  by  WPL  investigators  using  the  NOAA 
three-frequency  steerable  radiometer  at  Denver, 
Colorado,  and  San  Nicolas  Island.  California  [4],  The 
three  frequencies  arc  20.6, 31.6,  and  90  GH/_  AH  three 
channels  on  this  radiometer  have  equal  bcamwidths  of 
2.5°  and  point  in  the  same  direction  from  the  same 
location;  hence  they  arc  capable  of  simultaneously 
measuring  emission  and  deriving  attenuation  for  the 
same  volume  of  air. 


Figure  1  shows  the  time  scries  of  zenith  brightness 
temperatures  at  20.6  and  31.6  GHz  on  September  13, 
1988.  The  sharp  maxima  in  brightness  temperature  arc 
due  to  liquid-bearing  clouds.  The  vapor  response  is 
more  significant  at  20.6  GHz.  and  liquid  response  is 
more  significant  at  31 .6  GHz. 

Single-station  cumulative  distributions  of  zenith 
attenuation  arc  given  in  Figure  2.  Attenuation  data 
were  obtained  by  the  use  of  Equation  2  where  Tm  is 
obtained  from  climatological  radiosonde  data:  the 
values  of  255  K  and  275  K  were  used  for  winter  and 
summer,  respectively. 

To  derive  joint-station  statistics,  the  Plattcvillc  and 
Denver  data  were  placed  into  one-to-one 
correspondence  within  a  time  uncertainty  of  ±1  min. 
Next,  for  each  2-min  time  interval,  the  maximum  and 
minimum  of  the  two  attenuation  values  were 
determined.  Then,  two  additional  time  series  of  the 
minimum  and  maximum  values  were  constructed. 
From  these  derived  time  scries,  cumulative  dis'.ibulions 
for  the  winter  and  summer  seasons  were  developed. 
The  results  arc  shown  in  Figure  3.  Note  that  at  the 
0.01%  level,  only  1  to  2  dB  arc  gained  by  diversity 
during  winter  conditions.  However,  in  summer,  when 
significant  attenuation  from  clouds  can  occur,  a  margin 
of8dB  is  gained  at  31.6  GHz. 


Representative  brightness  temperatures  measured 
simultaneously  at  each  operation  frequency  arc  shown 
in  Figure  5  for  San  Nicolas  and  Denver.  Note  the  large 
increase  in  brightness  temperature  at  90.0  GHz  relative 
to  20.6  and  31.6  GHz  as  clouds  pass  through  the 
radiometer  antenna  beam.  Due  to  higher  amounts  of 
water  vapor,  brightness  temperatures  at  all  frequencies 
at  Denver  during  August  arc  higher  than  in  December. 

Attenuation  statistics  were  developed  by  processing  the 
measured  brightness  temperatures.  The  cumulative 
distributions  at  three  frequencies  arc  shown  in  Figures 
6-8.  Note  that  the  sca-Icvcl  altitude  of  San  Nicolas 
Island  always  results  in  dry  attenuation  greater  than  that 
at  Denver.  Oddly,  the  two  curves  corresponding  to 
attenuation  statistics  at  20  and  30  GHz  for  winter 
Denver  data  cross  each  other.  At  high  percentage 
values  (low  attenuation),  dry  weather  prevails  and 
hence  30-GHz  attenuation  is  higher  than  that  of  20 
GHz.  At  low  percentage  values  (high  attenuation), 
cloud  liquid  attenuation  is  the  dominant  factor  and 
hence  30-GHz  attenuation  is  higher  than  that  of  20 
GHz.  In  the  intermediate  region,  water  vapor 
attenuation  is  the  important  factor  and  therefore  20- 
GHz  attenuation  is  higher  than  that  of  30  GHz. 


7.  FREQUENCY  SCALING 
Data  from  thrcc-frcqucncy  measurements  at  Denver  and 
San  Nicolas  Island  were  used  to  develop  prediction 
models  of  attenuation  between  various  frequencies  (4). 
Regression  relationships  between  the  various  channels 


fix'  clear,  cloudy,  and  ail  conditions  were  determined. 
The  general  form  of  lhe  linear  regression  is: 

Independent)  =  cq  +  cjLiOndcpendent)  + 
c2L2(independem)  (3) 

where  attenuation,  L,  is  given  in  dB.  The  result  of  the 
regression  analysis  has  shown  that  there  is  a  high 
degree  of  correlation  and  predictability  between  the 
channels,  and  if  care  is  taken  to  distinguish  between 
clear  and  cloudy  conditions,  the  correlation  coefficients 
between  measured  and  predicted  attenuations  arc 
greater  than  0.9.  To  provide  the  reader  with  an 
example,  the  following  prediction  model  was  obtained 
using  data  from  the  San  Nicolas  Island  observations  in 
July  1987  (all  conditions): 

L(90.0)  =  -0.499  -  0.463L(20.6)  + 

5.64L(31.6)  (4) 

The  correlation  coefficient  of  the  above  prediction  is 
0.998. 


8.  SUMMARY 

Propagation  data  arc  needed  for  the  design  and 
development  of  low-margin  ground  terminals  of 
advanced  communications  satellite  systems.  Data  can 
be  obtained  through  recording  signals  transmitted  by  a 
satellite  or  by  the  use  of  radiometers.  Ground-based 
radiometers  arc  used  by  WPL  for  collecting 
atmospheric  emission  and  attenuation  statistics  at  Ka 
and  millimeter-wave  bands  as  part  of  an  effort 
supported  by  the  Propagation  Program  at  JPL. 

Data  from  experiments  using  two-frequency  and  three- 
frequency  radiometers  were  presented.  It  was  shown 
that  sky  brightness  temperature  measurements  can 
easily  be  converted  to  atmospheric  attenuation  data. 
The  accuracy  of  this  conversion  depends  on  how  well 
the  mean  temperature  of  the  atmosphere  is  measured  or 
estimated.  For  data  presented  in  this  paper,  with  an 
uncertainty  of  6  or  7  K  in  the  atmospheric  mean 
temperature,  the  attenuation  data  arc  reliable  below  the 
values  of  10  or  12  dB. 

Single-station  and  joint-station  statistics  of  attenuation 
were  presented.  Seasonal  effects  were  also  shown.  A 
regression  method  for  predicting  90-GHz  attenuation 
from  20-  and  30-GHz  attenuations  was  provided. 
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Fig.  2  Single-station  cumulative  distributions  ol  zenith 
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Fig  3  Cumulative  dtotribution  ol  zenlh  attenuation  measured  by  a 
tfvee'Channel  radiometer  at  Denver.  CO.  August  1988 
Data  consist  ol  17  792  2-min  averages. 
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DISCUSSION 


D.  HOEHN 

Why  do  you  use  a  purely  empirical  modelling  approach  for  your  "frequency  scaling, "  even  if  there  exists  a  physical  relationship 
for  the  atmospheric  attenuation  at  the  frequencies  considered ? 

AUTHOR’S  REPLY 

Developing  an  experimental  model  is  cost  free  for  us  because  we  have  already  collected  the  data.  Furthermore,  an  empirical 
model  has  statistics  associated  with  it,  i.e. ,  percentages  which  a  theoretical  model  does  not. 


J.  GOLDHIRSH 

The  previous  question  in  vol  ved  arri  ving  at  the  scaling  of  fades  for  different  frequencies  using  theoretical  means.  The  equations 
Dr.  Davarian  showed,  however,  have  the  added  dimension  of  probability.  Those  relations  were  equi-probability  ones.  Theory 
does  not  give  this. 

AUTHOR’S  REPLY 

Ksf,  I  agree . 
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OPTICAL  REFRACTION  IN  THE  ATM08PHERIC  SURFACE  LAYER 


James  B.  Gillespie  and  David  H.  Tofsted 
Atmospheric  Sciences  Laboratory 
U.S.  Army  Laboratory  Command 
White  Sands  Missile  Range,  New  Mexico  88002-5501,  USA 


SUMMARY 

Recent  developments  in  the  Middle  East 
have  highlighted  the  need  to  sense 
refraction  within  the  atmospheric  surface 
layer  since  apparent  vertical  variations 
of  location  of  distant  objects  can  result 
in  significant  errors  in  tank  lay  posi¬ 
tion  under  certain  conditions.  The  U.S. 
Army  Atmospheric  Sciences  Laboratory  has 
investigated  the  nature  of  atmospheric 
refraction  and  developed  criteria  when 
refraction  may  cause  errors  in  tank  gun¬ 
nery  in  deserts. 

Refraction  can  be  remotely  sensed  as  a 
function  of  time  through  point-to-point 
measurements  of  the  elevation  of  a  dis¬ 
tant  object  relative  to  the  atmospheric 
neutral  events  that  occur  approximately 
one-half  hour  before  sunset  and  one-half 
hour  after  sunrise.  The  vertical  posi¬ 
tion  change  of  a  distant  object  can  be 
measured  using  either  another  object 
close  enough  to  the  observer  that  effects 
will  be  minimal  (thus  providing  a  fixed 
reference  point)  or  a  theodolite  that  has 
its  own  internal  reference  through  the 
leveling  bubble.  We  have  made  extensive 
measurements  of  diurnal  variations  in 
elevation  of  distant  objects  at  White 
Sands  Missile  Range  (WSMR) ,  New  Mexico. 
Lessons  learned  from  these  experiments 
include  accounting  for  numerous  potential 
error  sources  when  taking  readings  using 
theodolites  and  the  photographic  tech¬ 
niques  necessary  to  cope  with  changing 
light  levels  and  atmospheric  turbulence 
effects.  We  have  also  made  measurements 
at  Aberdeen  Proving  Ground,  Maryland; 

Fort  Stanton,  New  Mexico;  and  other  loca¬ 
tions  that  exhibit  similar  vertical 
shifting  characteristics.  A  surface- 
energy-budget  model  was  developed  to 
predict  refraction  situations  based  on 
meteorological  measurements.  An  optical 
ray  tracing  model  was  developed  utilizing 
terrain  characterization  and  temperature 
gradient  information  to  predict  horizon¬ 
tal  refraction.  We  provided  "rules  of 
thumb"  for  horizontal  surface  refraction 
based  on  our  experimental  results  and 
modeling  efforts. 

1.  INTRODUCTION 

When  one  is  viewing  a  target  with  an 
electro-optical  (E0)  sensor,  the  atmo¬ 
sphere  can  be  thought  of  as  an  optical 
system  component.  The  atmosphere  is  not 
as  homogeneous  an  optical  system  as  it 
appears  to  the  human  eye.  Phenomena  such 
as  scattering  and  extinction  by  aerosols 
and  scintillation  by  optical  turbulence 
both  affect  how  clearly  a  target  can  be 
seen.  These  subjects  have  been  dealt 
with  extensively  in  the  literature.  A 
third  phenomenon,  optical  path  bending 
(or  atmospheric  refraction) ,  has  largely 


been  ignored  for  EO  sensors  that  look 
horizontally  along  paths  near  the  earth's 
surface.  The  impact  that  refraction  has 
upon  aiming  accuracy  is  the  subject  of 
this  paper. 

Historically,  atmospheric  refraction  has 
primarily  been  studied  by  astronomers  for 
very  long  slant  paths  through  the  earth's 
atmosphere,  while  the  more  spectacular 
phenomena  of  mirages  and  looming  have 
been  studied  by  scientists  for  horizontal 
paths.  More  recently,  surveyors  have 
examined  the  effects  of  refraction  on 
paths  horizontal  to  tho  earth's  surface. 
Because  most  EO  sensor  targeting  has  been 
for  path  lengths  of  less  than  2  km,  ver¬ 
tical  aiming  errors  caused  by  refraction 
have  been  ignored  for  military  consider¬ 
ations.  Figure  1  illustrates  the  effect 
of  refraction  for  a  tank  on  the  left 
viewing  a  target  on  the  right.  The  image 
of  the  target  does  not  propagate  in  a 
straight  line  from  the  target  to  the 
receiver.  Instead,  the  image  propagates 
along  an  optical  path  that  takes  a  mini¬ 
mum  time  for  the  light  to  propagate.  The 
incoming  ray  thus  arrives  at  an  angle 
different  from  zero  degrees.  Tha  viewing 
angle  wiil  be  increased  for  nighttime 
refraction  and  decreased  for  daytime 
refraction.  Since  the  sensor  looks  tan¬ 
gent  along  the  incoming  ray,  the  vertical 
aiming  angle  will  be  in  error--sometimes 
by  as  much  as  a  milliradian  or  more  for 
long  paths  in  desert  type  situations. 

2 .  BACKGROUND 

The  vertical  bending  of  the  optical  path 
of  a  beam  of  light  propagating  horizon¬ 
tally  is  caused  by  a  vertical  refractive 
index  gradient.  This  gradient  is  pro¬ 
duced  by  the  temperature  gradient  result¬ 
ing  from  diurnal  solar  heating  of  the 
earth's  surface.  Refraction  in  a  non- 
homogeneous  medium  such  as  the  earth's 
atmosphere  can  be  quite  adequately 
described  by  classical  geometrical  optics 
(which  uses  the  assumption  that  the  wave¬ 
length  of  the  light  is  negligibly  small) . 
Refraction  can  be  described  by  either 
Huygon's  wave  front  construction  method, 
Fermat’s  principle 

J  /  nds  -  0  ;  (1) 

Snell's  law 


n2sin  0,  =  n2sin  e2  ;  or  (2) 


tho  eikonal  equation 


(grad  L)2  =*  n2  ;  (?) 


r - 
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where  h  is  the  optical  path  length,  ds  is 
the  incremental  change  in  path  of  the 
ray,  n  is  the  refractive  index,  and  e,  is 
the  angle  of  propagation  in  the  ith 
layer . 

Using  Eq.  (3),  we  can  derive  the  follow¬ 
ing  expression  for  atmospheric  ray 
tracing  for  horizontal,  near-surface 
propagation: 


N„  =  [1  -  .  0109X"2) 

*  [-,0059] A  , 


where  P  is  the  pressure,  T  is  the  temper¬ 
ature,  A  is  the  absolute  humidity,  1  is 
the  wavelength,  and  N0  is  a  wavelength 
dependent  refractivity  term. 

Using  the  hydrostatic  equation. 


dP  =  ml  d?. 

kT 


where  is  the  incremental  angular 
change  of  the  optical  path  with  respect 
to  some  fixed  axis,  z  is  the  vertical 
dimension,  and  propagation  is  nearly 
horizontal. 

For  propagation  paths  near  the  surface, 
the  atmosphere  does  not  follow  a  spheri¬ 
cal  symmetry;  instead  the  optical  path  is 
more  strongly  dependent  on  distance  from 
the  local  surface.  The  surface  fluxes  of 
latent  and  sensible  heat  dominate  the 
structure  of  temperature  and  humidity. 

The  temperature  gradient  has  a  much 
stronger  influence  on  density  gradient 
than  does  the  pressure  gradient.  This 
temperature  gradient  is  largely  a  func¬ 
tion  of  the  degree  of  heating  or  cooling 
occurring  at  the  surface.  During  the  day 
sensible  heat  flows  upward  as  the  surface 
transfers  this  heat  to  the  near  surface 
air  by  convection.  During  the  night,  as 
the  surface  cools,  the  atmosphere  closest 
to  the  surface  also  cools,  setting  up  an 
inversion  condition  (Ref  1) .  The  effect 
of  daytime  atmospheric  heating  is  to 
couple  the  structure  of  the  temperature 
lapse  rate  to  the  immediately  surrounding 
terrain.  An  adequate  model  of  this  would 
be  to  calculate  the  structure  of  the  air 
temperature  with  height  for  an  average 
case  and  then  apply  that  profile  to  the 
terrain  along  the  line  of  sight  over 
which  we  wish  to  propagate.  By  determin¬ 
ing  the  height  of  the  line  of  sight  above 
this  terrain  at  any  particular  point 
along  the  line  of  propagation,  we  could 
calculate  the  temperature  gradient  at 
that  point.  The  approach  for  a  nighttime 
situation  is  handled  similarly. 

The  refraction  of  the  atmosphere  is 
conveniently  described  in  terms  of  a 
parameter,  N,  called  the  refractivity.  It 
is  defined  as 

N  =  (n  -  1)  x  105  .  (5) 

For  most  atmospheric  conditions,  N  has  a 
value  near  250.  It  varies  with  wave¬ 
length,  temperature,  pressure,  and  abso¬ 
lute  humidity  (Ref  2) .  The  refractivity 
can  be  written  as  the  sum  of  two 
contributions — a  dry  air  part  and  a  water 
vapor  part: 


N  =  N,rv  +  Nu 


along  with  Eqs.  (6)  through  (9),  we  can 
derive  an  expression  for  the  gradient  of 
n: 

ijs  =  -78.2  If  +  .0344|  (10) 


We  model  the  terrain  profile  by  using  a 
local  terrain  profile,  H(x),  and  the 
distance  between  the  ray  and  the  local 
surface,  z'.  The  local  height  can  be 
described  by 


Disregarding  any  y  dependence  for  H,  we 
can  write  the  gradient  of  the  refractive 
index  as 


grad  In]  -  §  £  1  *  £  ij 


Using  Eq.  (11),  Eq.  (12)  can  be  rewritten 
as 

grad  [n]  =  -78.2  x  10  “  PT'2 


*  P  x  10‘6}(.3789)PNoT  ; 


We  utilize  two  methods  to  obtain  a  ter¬ 
rain  profile — assume  a  flat  earth  or 
survey  the  terrain  and  interpolate 
between  the  surveyed  points.  Our  refrac¬ 
tion  rav  tracing  model,  REFRAC  (Ref  3), 
uses  a  Fourier  series  to  fit  to  the  ter- 


Temperature  gradients  for  our  model  are 
obtained  through  application  of  Simi¬ 
larity  Theory  (Ref  4).  In  general,  the 
temperature  gradient  goes  as  z'0  for  neu¬ 
tral  conditions,  as  z"‘/3  for  day  condi¬ 
tions,  and  as  z'2'3  for  night  conditions. 
However,  the  night  conditions  can  be 
highly  terrain  dependent — pockets  of  cool 
air  can  accumulate  in  depressions  and 
flow  downhill.  To- gets  may  appear  to 
move  vertically  dramatically  (greater 
than  0.5  mrad)  within  a  few  minutes. 

In  addition  to  an  atmospheric  ray  tracing 
model,  we  have  developed  surface  energy 
budget  (SEB)  models  to  infer  strengths  of 
turbulence  id)  and  temperature  gradients 
from  standard  meteorological  data  (Ref 
5) .  A  basic  model  called  SURFA  is  a  near 
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copy  of  a  model  described  by  Deardorff 
(Ref  6) ;  TGRAD  is  an  upgrade  of  SURFA 
that  incorporates  new  methods  for  deter¬ 
mining  heat  flux,  solar  radiation,  and 
foliage  temperature;  and  TGGEN  is  a  modi¬ 
fication  of  TGRAD  that  includes  algo¬ 
rithms  that  account  for  water  phase 
change  during  freeze  or  thaw.  These 
models  take  as  input  variables  such  as 
temperature,  pressure,  relative  humidity, 
cloud  cover,  percentage  of  foliage  cover, 
surface  roughness  height,  soil  moisture 
content,  soil  type,  windspeed,  time  of 
year,  longitude,  latitude,  and  time  of 
day.  The  model  will  then  determine  the 
diurnal  values  of  cj,  the  temperature 
gradient,  the  vapor  pressure  gradient, 
the  Obukhov  length,  the  friction  veloc¬ 
ity,  vertical  wind  structure,  and  simi¬ 
larity  parameters.  Paulson's  (Ref  7) 

1970  paper  on  this  subject  is  a  key 
reference. 

The  SEB  is  the  balance  of  radiative, 
convective,  and  conductive  fluxes  of 
heat,  both  to  and  from  the  earth's  sur¬ 
face.  Mathematically  it  is  described  by 

SI  -  St  +  Rl  -  Rt  -  H  -  LE  =  G  .  (14) 

The  arrows  describe  the  direction  of  the 
flux  of  the  radiation,  downward  to  the 
surface  or  upward  from  the  surface.  S 
represents  the  visible  solar  light  inci¬ 
dent  from  the  sun  or  reflected  from  the 
earth's  surface.  R  represents  the  ther¬ 
mal  radiation  flowing  from  the  heat  sink 
of  the  atmosphere  and  from  the  ground. 

H  is  the  sensible  heat,  and  LE  is  the 
latent  heat  flux  due  to  evaporation, 
where  L  is  the  latent  heat  of  vaporiza¬ 
tion  and  E  is  the  flux  of  water  into  the 
atmosphere. 

That  the  SEB  model  can  be  used  to  predict 
refractive  effects  was  verified  from 
optical  refraction  and  meteorological 
data  taken  at  WSMR,  New  Mexico,  in  June 
1983  over  a  relatively  flat,  desert  ter¬ 
rain.  The  verification  is  shown  in 
Fig.  2. 

3 .  MEASUREMENTS 

The  vertical  structure  of  the  near- 
surfaci-  refractive  index  can  be  remotely 
sensed  as  a  function  of  time  through 
optical  measurements.  This  technique 
measures  the  variation  in  elevation  of 
distant  objects  relative  to  the  fixed 
elevation  of  some  reference.  The  two 
references  typically  used  are  the  fixed 
elevation  of  some  nearby  object  or  the 
reference  leveling  bubble  of  a  theodo¬ 
lite.  The  nearby  object  will  be 
unaffected  by  refracting  effects  since 
refractive  error  increases  linearly  with 
range. 

From  relative  elevation  positions,  the 
absolute  error  angles  can  be  determined. 
Zero  refraction  can  be  observed  during 
the  day  when  clouds  cover  the  optical 
path.  There  are  also  two  neutral  events 
that  occur  near  sunrise  and  sunset  when 
the  apparent  elevations  of  objects  tran¬ 
sition  from  appearing  high  (night)  to  low 
(day) .  However,  these  transition  periods 


can  be  rapid,  resulting  in  ambiguity. 
During  testing,  a  technique  was  developed 
whereby  a  line  of  sight  was  surveyed  and 
posts  were  placed  along  the  optical  path. 
From  the  survey  data,  marks  could  be 
placed  on  the  posts  such  that  under  neu¬ 
tral  conditions  the  marks  would  appear  to 
line  up.  Under  daytime  (unstable)  atmo¬ 
spheric  conditions  the  marks  would  appear 
to  tail  off  downward  with  distance,  while 
at  night  the  marks  would  appear  higher  on 
the  more  distant  posts.  The  closer  posts 
would  also  provide  a  reference  that  would 
not  change  with  time. 

The  vertical  structure  of  refractivity 
can  then  be  inferred  by  observing  the 
temporal  change  in  apparent  elevation  of 
the  distant  posts.  From  the  assumed 
vertical  structure  of  temperature  with 
height,  the  known  terrain  profile,  the 
equation  for  the  gradient  of  refraction 
(13),  and  Eq.  (4),  we  have  a  model  for 
determining  the  refractive  profile. 

The  authors  have  made  extensive  diurnal 
measurements  of  variations  in  elevation 
of  distant  objects  at  WSMR,  New  Mexico, 
using  both  photographic  techniques  and 
theodolite  measurements  of  elevations. 
Numerous  lessons  were  learned  while 
developing  these  techniques. 

Use  of  a  theodolite  yielded  highly  accu¬ 
rate  readings  at  night,  but  during  the 
day  the  wooden  legs  of  the  theodolite's 
tripod  would  expand  and  contract,  depend¬ 
ing  on  their  exposure  to  direct  sunlight. 
This  effect  caused  the  level  to  vary 
continuously  and  required  constant  atten¬ 
tion.  The  observer  had  to  take  special 
care  that  he  stood  in  the  same  location 
relative  to  the  legs  for  each  measure¬ 
ment.  An  umbrella  was  used  to  shade  the 
legs,  but  keeping  all  the  legs  simulta¬ 
neously  shaded  was  tedious. 

Photographing  the  targets  was  relatively 
trouble  free  compared  to  theodolite  mea¬ 
surements,  but  two  references  had  to  be 
included  in  each  image.  The  first  was 
needed  to  convert  from  measured  distances 
on  the  photograph  to  angular  values  in 
the  field  of  view.  The  second  provided 
the  nearby  fixed  elevation  point,  often 
these  two  measures  were  placed  on  the 
same  nearby  post.  Use  of  photographic 
means  eliminated  the  difficulties  of 
maintaining  the  leveling  bubble.  The 
permanent  records  of  photographs  also 
eliminated  the  unfortunate  drawback  of 
theodolites  that  the  readings  depend  on 
the  skills  of  the  individual  making  the 
measurement  and  cannot  be  verified  later. 

Figure  3  is  a  typical  daytime  scene  taken 
through  the  telescope.  We  used  a  Casse- 
granian  telescope  with  a  2000-mm  focal 
length  and  an  8-inch  receiving  aperture. 

A  35-mm  camera  recorded  the  data.  Fig¬ 
ure  4  shows  the  telescope  setup.  During 
the  day  the  8-inch  aperture  was  stopped 
down  to  around  1.5  inches  to  reduce  tur¬ 
bulent  image  blur.  At  night  the  aperture 
stop  was  removed  to  allcw  for  faster 
exposure  time.  Depending  on  the  power 
available  to  the  line  of  sight,  the  expo¬ 
sure  time  could  be  as  long  as  7  s.  When 
power  was  available  electric  lights  were 
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run  to  each  target  post.  In  many  cases, 
however,  power  was  unavailable  and  flash¬ 
lights  were  connected  to  car  batteries  so 
the  target  posts  could  be  viewed  through¬ 
out  the  night. 

Figures  3  and  4  are  from  a  field  test 
conducted  on  1  April  1986  over  a  grassy 
field  near  Fort  Stanton,  New  Mexico. 

This  site  is  located  approximately  40  km 
east  of  Carrizozo,  New  Mexico,  in  the 
foothills  of  the  Sacramento  mountains. 
Seven  target  posts  were  surveyed  in  along 
the  1980-m  optical  path.  The  nearest 
post  served  as  both  the  reference  post 
and  the  angular  reference  (each  bar 
represents  0.2  mrad) . 

Figure  5  shows  the  line  of  sight  under  a 
typical  neutral  condition.  With  clouds 
shielding  the  line  of  sight  from  direct 
sunlight,  the  marks  on  the  posts  appear 
in  almost  a  straight  line,  comparing 
Figs.  3  and  5,  one  can  see  that  under 
unstable  conditions  (Fig.  3)  the  marks  on 
the  more  distant  posts  appear  lower. 

In  addition  to  the  optical  instrumenta¬ 
tion,  sites  were  typically  instrumented 
with  a  micrometeorological  tower  to 
measure  several  variables  related  to 
computing  the  surface  energy  budget  at 
the  site  (Fig.  6).  If  the  surface  energy 
budget  can  be  estimated  (including  the 
sensible  heat  flux)  using  flux  profile 
techniques,  the  temperature  gradient  can 
be  estimated.  We  thus  have  direct  mea¬ 
surement  of  the  vertical  structure  of 
temperature  through  tower  measurements; 
we  can  infer  the  vertical  structure 
through  the  observed  movement  of  the 
distant  targets;  and  we  can  model  this 
structure  through  a  surface  energy  budget 
model. 

The  results  of  the  Fort  Stanton  test  are 
seen  in  Fig.  7.  Overall,  a  day-to-night 
shift  of  0.7  mrad  was  observed,  with  an 
extensive  cloud  cover  and  some  rain  from 
0200  through  0630.  Similar  tests  were 
conducted  at  WSMR  during  the  summer  of 
1987.  The  results  of  these  tests  are 
seen  in  Figs.  8  and  9.  The  weather  con¬ 
ditions  for  these  two  tests  were  good  for 
refraction.  We  were  testing  to  determine 
the  effects  of  the  height  of  the  line  of 
sight  on  prediction  and  tactical  choices 
of  terrain.  The  results  in  Fig.  8  were 
for  a  2-kra  path  approximately  8  m  above 
the  terrain.  The  results  in  Fig.  9  are 
for  a  3-km  path  10  through  15  m  above  the 
terrain.  These  figures  illustrate  the 
-4/3  power  law  decrease  in  refractive 
gradients  compared  to  the  -2/3  nocturnal 
power  law.  Daytime  effects  are  largely 
eliminated  while  nocturnal  effects 
remain. 

We  also  discovered  during  these  investi¬ 
gations  that  the  point  measurement  of  the 
vertical  temperature  structure  through 
the  tower  measurements  could  only  reason¬ 
ably  model  the  refractive  structure  of 
the  air  during  the  day.  At  night  the 
tower  data  was  usually  an  inappropriate 
estimate  of  the  atmospheric  state  over 
the  entire  path  because  the  temperature 
gradient  would  vary  from  point  to  point 


along  the  path  due  to  irregular  flow  of 
pockets  of  air  mentioned  previously.  The 
Fort  Stanton  site  was  somewhat  of  an 
anomaly  in  this  regard,  simply  because 
our  observation  site  was  located  at  the 
upper  end  of  a  shallow  draw.  At  night 
the  katabatic  flow  off  Sierra  Blanca 
mountain  carried  the  same  air  mass  we 
were  observing  our  effects  through 
directly  past  our  met  tower.  In  the  WSMR 
measurements  we  were  observing  lines  of 
sight  where  the  wind  was  moving  air 
masses  transverse  to  the  line  of  sight. 
Thus  a  met  tower  set  up  at  any  point 
along  one  of  these  paths  would  only 
detect  a  fraction  of  the  overall  atmo¬ 
spheric  characteristics  at  night.  A  sam¬ 
ple  data  plot  showing  this  problem  is 
given  in  Fig.  10. 

4.  RESULTS  AND  CONCLUSIONS 

To  quantify  the  effects  of  refraction 
observations  for  direct  fire  weapons 
systems  in  a  Middle  East  environment,  we 
developed  a  simplified  refraction  algo¬ 
rithm  to  correct  for  refraction  bias 
based  on  model  calculations  from  our 
TGRAD  SEB  model.  Ten  years  of  weather 
data  from  Beersheba,  Israel,  collected  at 
3  h  intervals  was  used  for  the  calcula¬ 
tions.  A  height  of  2.3  m  was  used  for 
the  observation  heioht,  and  a  range  of 
2  km  was  selected  for  the  target  dis¬ 
tance.  A  diurnal  temperature  gradient 
resulted  and  was  converted  into  a  refrac¬ 
tion  correction  angle  in  milliradians. 

The  shape  of  the  diurnal  effect  was 
nearly  a  cosine  with  maxima  of  about 
0.4  mrad  occurring  in  the  afternoon  and 
in  the  middle  of  the  night.  Neutral  (no 
refraction  correction)  points  occurred 
near  sunrise  and  sunset.  With  little  or 
no  loss  in  prediction  accuracy,  the 
cosine  shape  (a  9-term  Fourier  series 
fit)  was  replaced  with  a  simpler  series 
of  four  straight  lines  as  shown  in 
Fig.  11.  This  algorithm  was  applied  to 
experimental  observations  and  produced 
good  results  when  applied  to  situations 
that  met  the  circumstances  for  which  the 
model  was  derived.  It  will  produce 
errors  if  applied  to  cases  where  there 
is  cloud  cover,  wet  soil,  high  winds,  or 
highly  uneven  terrain. 

As  an  alternative  to  an  actual  computa¬ 
tional  algorithm  that  would  be  built  into 
a  firing  control  system,  we  developed  a 
set  of  "rules  of  thumb"  for  direct-fire 
aiming.  These  rules  are  depicted  in  Fig. 
12.  Basically,  they  say  to  aim  a  little 
higher  in  the  daytime;  aim  a  little  lower 
at  night;  and  aim  in  the  middle  of  the 
target  for  rough  terrain,  dawn  or  dusk, 
or  high  winds. 
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6.  ILLUSTRATIONS 


FIRING  FROM  B0RESIGIIT 


Fig.  2.  Comparison  of  surface  energy 
budget  model  estimates  of  refractive 
elevation  change  of  a  distant  target  and 
observed  vertical  motions  of  the  target. 


Fig.  3.  Under  strong  daytime  refraction 
the  marks  on  the  posts  appear  lower  with 
distance.  Note  level  of  grassy  region 
relative  to  the  closest  post. 


NIGHT 


Fig.  4.  Telescope  and  camera  used  for 
photographic  measurements.  The  telescope 
aperture  was  stopped  down  for  daytime 
operation. 
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Fig.  5.  Neutral  condition  refraction 
close  to  sunset.  Targets  and  cattle  are 
clearly  visible  in  low  turbulence. 


Fig.  6.  View  of  towers  and  low  hill  to 
the  south  of  the  line  of  sight. 


TIME  In  hours  from  1700  March  31 


Fig.  7.  Fort  Stanton  optical  test 
results:  observed  elevation  changes  of 
the  1980-m  target. 
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Fig.  8.  "C”  Station  optical  test  results 

at  WSMR,  NM:  observed  elevation  changes 
of  a  2000-m  target,  hourly  results. 


Fig.  9.  Southwest  KSMR  optical  test 
results:  observe  elevation  changes  of  a 
3000-m  target,  hourly  results. 


Fig.  10.  Time  plot  of  optical  elevation 
changes  for  the  "C"  Station  optical  test 
compared  to  elevation  changes  inferred  by 
tower  temperature  measurements.  Lack  of 
prediction  is  caused  by  nocturnal  hori¬ 
zontal  inhomogeneities  in  temperature 
structure. 
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Fig.  H.  Typical  June  day  refraction 
plot,  Beersheva,  Israel. 


Condition: 

a.  clear  sky,  flat  desert,  daytime, 
winds  <10  mi/h,  2500  to  3500  m  range 

b.  Clear  sky,  flat  desert,  daytime, 
winds  <10  mi/h,  1500  to  2500  m  range 

c.  Cloudy  sky,  rugged  terrain,  dawn  or 
dusk,  high  winds  or  range  <1500  r.i 

d.  Clear  sky,  flat  desert,  night,  winds 
<4  mi/h,  1500  to  2500  m  range 

e.  Clear  sky,  flat  desert,  night,  winds 
<4  mi/h,  2500  to  3500  m  range 


Fig.  12.  Rule  of  thumb  refraction  cor¬ 
rections. 
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SUMMARY 

A  neural  network  scheme  for  retrieving 
remotely  sensed  vertical  temperature 
profiles  has  been  applied  to  observed 
ground-based  radiometer  measurements. 

The  neural  network  used  microwave 
radiance  measurements  and  surface 
measurements  of.  temperature  and  pressure 
as  inputs.  Because  the  microwave  radio¬ 
meter  is  capable  of  measuring  4  oxygen 
channels  at  5  different  elevation  angles 
(9°,  15° ,  25° ,  40”,  and  90°),  20  micro¬ 
wave  measurements  are  potentially 
available.  Because  these  measurements 
have  considerable  redundancy,  we  experi¬ 
mented  with  a  neural  network,  accepting 
as  inputs  microwave  measurements  taken 
at  53.88  GHz,  40«;  57.45  GHz,  40";  and 
57.45  GHz,  90°.  The  primary  test  site 
was  located  at  White  Sands  Missile 
Range,  New  Mexico,  USA.  Results  are 
compared  with  measurements  made  simul¬ 
taneously  with  balloon  borne  radiosonde 
instruments  and  with  radiometric  temper¬ 
ature  retrievals  made  using  more  conven¬ 
tional  retrieval  algorithms. 

The  neural  network  was  trained  by  using 
a  Widrow-Hoff  delta  rule  procedure. 
Functions  of  date  to  include  season 
dependence  in  the  retrieval  process  and 
functions  of  time  to  include  diurnal 
effects  were  used  as  inputs  to  the 
neural  network. 


variety  of  computational  architectures, 
but  all  have  the  notion  of  simulated 
neurons  and  synapses  in  common.  The 
implementations  of  the  simulated  neurons 
and  synapses  vary  widely,  being  more  or 
less  faithful  to  what  is  known  about 
their  biological  antecedents  (which  are 
themselves  rather  various,  depending  on 
their  functional  specialization).  A 
simulated  neuron  (Fig.  1)  is  generally 
considered  to  be  an  entity  with  multiple 
Inputs  and  a  single  (usually  subse¬ 
quently  branching)  output.  The  neuron's 
output  is  a  function  of  its  current 
state,  its  current  inputs,  and  possibly 
its  past  state  history.  The  output  of  a 
neuron  is  connected  to  the  inputs  of 
other  neurons  by  synapses,  each  of  which 
has  a  weight  (or  multiplying  factor) 
associated  with  it.  The  values  of  the 
weights,  in  conjunction  with  the  initial 
state  of  the  system,  determine  the 
computation  performed  by  the  network. 

2 .  THEORETICAL  BACKGROUND 

Ground-based  measurements  of  atmospheric 
brightness  temperature  at  several  micro- 
wave  frequencies  permit  some  inference 
about  the  vertical  temperature  structure 
of  the  atmosphere  (Ref  l).  In  the  20- 
to  60-GHz  region,  the  measured  bright¬ 
ness  temperatures  satisfy  (to  a  good 
approximation)  the  following  equation: 


LIST  OF  SYMBOLS 
0 

Tb„  -  downwelling  cosmic  microwave 

background  brightness  tempera¬ 
ture  above  the  atmosphere 
Tt„  -  downwelling  microwave  bright¬ 

ness  temperature  at  frequency  v 
T(s)  -  temperature  at  height  s 

M n)  -  absorption  coefficient 

o  -  vector  of  output  temperatures 

H  -  matrix  of  weights 

i  -  vector  of  inputs 

Awu  -  change  in  weight  wu 

4  -  learning  rate  factor 

t(  -  target  output  from  the  ith  unit 

o,  -  actual  output  from  the  ith  unit 

ij  -  jth  input 

1.  INTRODUCTION 

This  paper  describes  the  results  of 
simulations  of  a  neural  network  for 
retrieving  vertical  profiles  of  atmo¬ 
spheric  temperature  from  various  radio- 
metric  measurements.  The  term  neural 
network  has  been  applied  to  a  large 


Tbv  «  /„'  T  (s)«y(s)  exp  I -/a,  (s')  ds')  ds 


*  Tbv  9*P 


-f  "a,  (s)ds 


(1) 


where 

Tw  ■»  the  downwelling  microwave 
brightness  temperature  at 
frequency  v 

T(s)  *  temperature  at  height  s 

a„(s)  *  the  absorption  coefficient 

Tb„  =  the  downwelling  cosmic  micro- 
wave  background  brightness 
temperature  above  the 
atmosphere 


Inferring  atmospheric  temperature 
structure  from  microwave  brightness 
temperature  measurements  thus  becomes 
the  problem  of  solving  Eq.  (1)  to 
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find  T(s) .  Problems  of  this  type  are 
often  referred  to  as  inverse  problems, 
since  it  is  relatively  simple  to  compute 
Ty,  froa  a  knowledge  of  T(s)  but  sore 
difficult  to  obtain  T(s)  froa  T. .. 
Although  cany  techniques  are  ust i  for 
attacking  such  problecs  (Ref  2),  each 
technique  has  its  Hesitations.  Our 
intent  in  tbis  paper  is  to  investigate 
the  applicability  of  a  technique  based 
on  the  idea  of  the  neural  network. 

3.  CONSTRUCTION  OF  A  NEURAL  NETWORK  FOR 
THE  INVERSION  PROBLEM 

Much  of  the  work  with  neural  networks 
has  focused  on  sinulation  of  brain 
function,  associative  memory,  and 
pattern  recognition.  For  reasons  to  be 
discussed  in  the  following  sections,  we 
believe  that  neural  network  techniques 
nay  also  have  advantages  for  certain 
types  of  cooputational  tasks  that  are 
usually  addressed  by  core  conventional 
computational  techniques. 

In  discrete  approximation,  the  right- 
hand  side  of  Eq.  (1)  takes  a  set  of 
tenperatures  defined  at  discrete  heights 
and  produces  froc  then  the  corresponding 
nicrowave  brightness  tenperatures  at 
discrete  frequencies.  Although  ti.is 
direct  conputation  is  fairly  straight¬ 
forward,  various  obstacles  exist  for  the 
inverse  conputation  (Ref  3) .  Our  objec¬ 
tive  is  to  perform  the  inverse  calcula¬ 
tion  with  a  neural  network  sinulation. 
Inputs  to  the  neural  network  will  be 
neasured  nicrowave  brightness  tenpera¬ 
tures  and  other  relevant  neasurenents 
such  as  surface  neasurenents  of  tenpera- 
ture  and  pressure.  Outputs  will  be 
estinated  tenperature  at  various  atno- 
spn-»ric  heights.  The  simulated  neurons 
proc’uce  outputs  that  are  functions  of 
the  weighted  suns  of  the  inputs.  The 
weights,  analogous  to  the  strength  of 
the  synapses  of  biological  neurons, 
contain  the  network's  knowledge  about 
how  to  solve  the  inversion  problen.  For 
a  simple  linear  network,  the  outputs  are 
given  as  functions  of  the  inputs  by 

o  =  W  i  .  (2) 

In  Eq.  (2) ,  o  is  the  vector  of  output 
temperatures;  W  is  the  matrix  of 
weights;  anc  i  is  the  vector  of  inputs 
comprised  of  a  bias  input,  deviations 
from  the  mean  of  the  surface  measure¬ 
ments,  and  the  microwave  brightness 
tenpej  atures. 

Equation  (1)  has  ouch  in  common  with  the 
transformation  of  Eq.  ("’);  although  the 
transformatior  involved  is  not,  in 
general,  linear.  The  neural  network 
transforms  the  inputs  into  the  outputs; 
and  for  this  linear  transformation,  the 
weights  are  the  elements  of  the  trans- 
format’-  i  matrix.  More  general  neural 
netwo  :s  are  possible  since  the  state 
may  be  (and  for  biological  systems  is)  a 
nonlinear  function  of  the  weighted 
inputs,  other  generalizations  include 
replacirg  the  weighted  sum  of  the  inputs 
with  a  more  general  function  of  the 


weighted  inputs.  In  our  current  work, 
we  have  restricted  ourselves  to  the 
linear  case,  except  that  we  have  not 
required  the  weight  matrix  to  be  square, 
that  is,  the  -amber  of  inputs  and 
outputs  nay  be  different. 

Since  values  of  the  weights  determine 
the  transformation  of  the  input  vector, 
specification  of  the  weights  is  equiva¬ 
lent  to  programming  the  neural  network. 

We  find  the  neural  networks  interesting 
because  they  can  be  arranged  to  learn  by 
experience,  that  is,  to  adjust  their 
weights  based  on  inputs  and  outputs. 

The  learning  mechanism  applied  in  this 
paper  is  Widrow-Hoff  or  delta-rule 
learning  (Refs  4  and  5) .  The  delta-rule 
.learning  is  a  type  of  learning  where 
weights  are  modified  to  reduce  the 
difference  between  the  desired  output 
and  the  actual  output  of  a  processing 
element,  that  is.  a  neuron-like  unit. 

„elta-rule  learning  requires  a  training 
set,  that  is,  a  set  of  inputs  together 
with  the  corresponding  outputs. 
Initially,  the  weights  are  set  to  small 
random  values.  Inputs  are  supplied,  the 
corresponding  outputs  are  obtained  and 
compared  with  the  desired  outputs,  and 
an  error  signal  is  generated.  This 
error  signal  is  used  to  generate 
corrections  to  weights  as  follows: 

Av.j  =  i(t,(t)  -  o,(t))  ij(t),  (3) 

where  Au,j  is  the  change  in  weight  w1J(-  i 
is  a  learning  rate  factor;  t.  is  the 
target  output  from  the  ith  unit;  o,  is 
the  actual  output  from  the  ith  unit;  and 
ij  is  the  jth  input. 

In  our  work,  the  neural  network  was 
trained  with  the  delta-rule  training 
scheme.  This  reguires  a  teaching  set  of 
inputs  and  their  corresponding  outputs. 
Because  it  is  straightforward  to  do  the 
direct  radiometric  computation,  there  is 
a  natural  way  to  get  such  a  teaching 
set.  In  our  case,  we  have  assembled  a 
large  set  of  radiosonde  (meteorological 
balloon)  observations  of  atmospheric 
temperature  profiles.  From  each 
profile,  Eq.  (1)  was  used  to  compute  a 
vector  of  corresponding  microwave 
brightness  temperatures.  This  vector  of 
brightness  temperatures  (augmented  by 
surface  observations  or  other  data)  then 
served  as  the  input  vector  i  and  the 
radiosonde  temperature  observations 
served  as  the  training  outputs  o.  This 
neural  network  is  indicated  schemati¬ 
cally  in  Fig.  2  for  a  network  with  t) ree 
radiometric  inputs. 

4.  RESULTS 

Our  training  set  consisted  of  525  radio¬ 
sonde  observations  taken  at  White  Sands 
Missile  Range,  Naw  Mexico,  from  1984  to 
1987.  The  trained  networks  were  tested 
on  a  set  of  radiosonde  observations 
taken  during  the  same  period.  In  each 
case,  the  radiosonde  observations  were 
used  in  a  somewhat  more  sophisticated 
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version  of  Eq.  (1)  that  included  eleva¬ 
tion  angle  and  refraction  effects  to 
cocpute  microwave  brightness  tempera¬ 
tures  that  would  be  observed  by  a  four- 
channel,  elevation  scanning  oxygen 
radiometer. 

Because  aicrovave  radiometer  measures  4 
oxyge.i  channels  at  5  different  elevation 
angles  <9#,  15*,  25*,  40',  and  90*).  20 
microwave  measurements  are  potentially 
available.  Because  these  measurements 
have  considerable  redundancy,  we  experi¬ 
mented  with  a  neural  network,  accepting 
as  inputs  functions  of  date  and  time, 
surface  temperature,  surface  pressure, 
and  simulated  microwave  radiances  at 
53.88  GHz,  40*  elevation;  57.45  GHz,  40* 
elevation;  and  57.45  GHz,  90*  elevation. 

The  weight  matrix  of  each  neural  net  was 
initialized  with  small  random  values  and 
trained  by  using  Eq.  (3).  Training 
consisted  of  supplying  the  network  with 
the  selected  surface  measurements  and 
computed  radiances  from  radiosonde 
profiles  scaled  by  0.C01,  comparing  the 
networks  output  temperature  to  the 
radiosonde  temperatures  to  cocpute  the 
error  at  each  height,  and  applying  the 
correction  of  Eq.  (3)  to  the  weights. 

The  complete  training  cycle,  which  was 
concluded  when  the  residual  weight 
changes  were  sufficiently  small, 
involved  cycling  each  member  of  the 
training  set  through  the  procedure 
numerous  tines. 

After  the  network  was  trained,  it  was 
tested  on  the  test  set  of  radiosonde 
observations  by  supplying  the  selected 
radiances  and  surface  observations  to 
the  network,  by  comparing  the  output 
temperatures  to  the  radiosonde  observa¬ 
tions,  and  by  computing  the  errors  tor""' 
each  height. 

Figure  3  illustrates  good  agreement 
between  a  representative  sample  radio¬ 
sonde  temperature  profile  and  the 
corresponding  neural  network  inferred 
profile.  Figure  4  illustrates  the  case 
of  an  upper  level  temperature  inv-  :sion 
layer  at  approximately  3  km  in  which  the 
neural  network  was  unable  to  adequately 
infer  from  ground  radiometric  measure¬ 
ments.  The  inferred  profile  was 
produced  by  the  neural  network 
illustrated  in  Fig.  2  and  Table  1. 

Table  3  shows  the  error  between  the 
desired  oulput  temperature  values  and 
the  neural  network  inferred  output 
temperature  values.  Improvement  in  the 
error  at  moot  of  the  atmospheric  heights 
is  significant  between  the  10,000 
training  iterations  and  the  30,000 
training  iterations.  Some  improvement 
is  shown  from  30,000  to  1,000,000 
iterations,  especially  at  atmospheric 
heights  of  10.7  and  27.4  km. 


and  the  sir.e  was  taken  such  that  the 
maximum  peak  is  June  30  and  the  minimum 
is  December  30.  Times  were  normalized 
to^  2c  for  a  24-h  period  and  the  sine  was 
taken  such  that  the  maximum  peak  is  at 
1500  and  the  minimum  is  at  0300. 

5.  CONCLUSION  Aim  RECOMMENDATION 

One  of  the  unique  features  of  neural 
computing  is  that  it  provides  an 
inherently  clean  and  simple  mechanism 
for  dividing  the  computational  task  into 
subunits.  This  inherent  parallelism 
cakes  it  an  ideal  candidate  for  highly 
parallel  architectures. 

The  neural  network  did  an  excellent  job 
of  retrieving  temperature  profiles  for 
the  White  Sands  Missile  Range,  New 
Mexico,  training  set.  The  type  of 
neural  network  tested  was  a  simple 
kind — the  linear  network.  There  night 
be  situations  in  which  a  more  general, 
nonlinear  type  of  neural  network  would 
have  advantages.  This  possibility  is 
still  being  explored. 
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One  objective  of  the  study  was  to  deter¬ 
mine  methods  to  include  date  and  time 
functions.  Inputs  to  the  processing 
element  repre--  -"ing  the  date  were 
normalized  u.  .  *adians  for  the  year 
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Fig.  1.  A  model  neuron. 


Fig.  2.  Neural  network  diagram  with  an  input  layer  located  at 
the  bottom  (circled  processing  elements)  and  an  output  layer 
located  at  the  top  (squared  processing  elements) . 


Fig.  3.  Semilog  graph  of  temperature 
versus  height  comparing  a  measured 
radiosonde  temperature  profile  with  the 
corresponding  calculated  neural  network 
profile.  Date:  6  Jan  1984.  Location: 
white  Sands  Missile  Range,  Hew  Mexico, 
USA. 


Fig.  4.  Semilog  graph  of  temperature 
versus  height  comparing  a  measured 
radiosonde  temperature  profile  with  the 
corresponding  calculated  neural  network 
profile.  Date:  5  Jan  1984.  Location: 
White  Sands  Missile  Range,  New  Mexico, 
USA.  Depiction  of  an  upper  level 
temperature  inversion  at  approximately  3 
km. 


Table  1.  Matrix  of  weights  of  the  neural  network  after  1,000,000 
training  iterations.  Input  values  are  scaled  by  0.001  before 
applying  the  weights  of  the  networks. 
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Table  2.  The  error  for  each  of  the  output  processing  elements 
representing  temperatures  at  various  atmospheric  heights  is 
compiled  for  (a)  10,000  training  iterations,  (b)  30,000  training 
iterations,  and  (c)  1,000,000  training  iterations. 
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SUMMARY 

Clear -air-sensing  radars,  which  arc  used  for  wind  sounding  from 
surface  platforms,  are  now  widely  deployed.  They  are  usually 
designed  to  measure  the  Doppler-sensed  movement  of  dear-air 
refractive  index  inhomogeneities,  but  they  also  provide  an  excellent 
tool  for  sensing  ice  and  water  panicles  in  clouds.  These  radars 
usually  have  a  very  low  detection  threshold  and  long  averaging 
time  so  that  size  distributions  of  panicles  as  small  as  100  pm 
diameter  with  mean  vertical  fall  velocities  (V,)  as  small  as  0.2  ms'1 
can  be  accurately  measured.  We  present  data  from  two  events  m 
which  clouds  form,  intensify,  and  finally  produce  precipitation. 
Height  profiles  arc  displayed  and  analyzed  as  ZRVt  plots  vs. 
height,  where  2  is  the  radar  reflectivity  factor,  R  is  liquid  flux 
(rain),  and  Vf  is  the  mean  fall  vdocity  in  quiet  air  derived  from 
the  radar-measured  vertical  velocity.  It  is  shown  how  these  radars 
can  provide  1)  cloud  layer  structure  above  lower  overcast,  2) 
height  profiles  of  liquid  mean  dropsizc,  3)  the  ice-water  transition 
level  compared  with  the  0°  isotherm.  4)  height  profiles  of  rain  rate, 
and  5)  inferences  about  the  identity  of  hydromctcors  vs.  height. 
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Cross  sectional  area  of  drop 
Drag  coefficient 
Drop  diameter  (mm) 

Diameter  of  mode  of  lognormal  distribu¬ 
tion 

Liquid  mass  median  diameter,  liquid  mass 
weighted  average  diameter 
Vertical  mass  flux  (g  nf1  s  ')•  liquid, 
graupel,  snow 
Acceleration  of  gravity 
(1  -  £)/(  2  +  e) 

K.  (water),  K,  (graupel,  snow) 

Drop  number  spectral  density  (m'!  mm ') 
water,  ice  (graupel) 

Number  den:  ity  at  D  =  0. 

Equivalent  rain  rate  (mm  hr'1)'  liquid, 
graupel,  snow 

Reflectivity  factor  spectral  density'  liquid, 
graupel,  snow 

Mass  spectral  density  (g  m'1  mm''):  liquid, 
graupel 

Fall  velocity  in  quiet  air 
Reflectivity  factor  weighted  mean  fall 
velocity 

Reflectivity  factor  (mm4  m'5):  liquid, 
graupel,  snow 

Equivalent  reflectivity  factor  if  population 
had  been  liquid  drops 
Dicicctnc  constant 
Radar  wavelength  (m) 

Radar  reflectivity  (m ') 


ft  Viscosity  of  air  (g  m'1  s  ') 

pL,  p(>  pt  Density:  liquid,  graupel,  snow 

p0,  p(825),  p( 700)  Air  density:  sea  level,  825  mb.  700  mb 

1.  INTRODUCTION 

The  sensitive  Doppler  radars  now  available  for  mnnilonng  the 
height  ■profiles"  of  the  horizontal  wind  can  also  provide  a  wealth 
of  information  on  hydrometcor  populations.  Most  previous  work 
has  focused  on  the  use  of  research  radars  that  provided  the  com¬ 
plete  Doppler  fall  velocity  spectrum  from  which  dropstze  spectra 
can  be  deduced.  Experiments  were  carried  out  by  many  investi¬ 
gators;  c  g.,  Lhermitte"1.  Rogers  and  Pilie"1.  Wilson"1.  Catcn"1. 
Foote  and  DuToit"1,  Gorelik  ct  a!.14’,  and  Beard"' A  comprehen¬ 
sive  discussion  of  the  state  of  the  methodology  of  that  lime  was 
given  by  Allas  el  al.w.  The  dropsizc  vs  fall  velocity  in  quiet  air  is 
fairly  well  known  (c.g ,  Gunn  and  Kinzci'"’1);  so  in  quiet  air  the 
conversion  of  a  measurement  of  the  fall  velocity  spectrum  to  a 
dropsizc  spectrum  is  straightforward.  However,  complications 
ansc  when  the  particles  arc  not  in  quiet  air.  but  arc,  in  fact,  em¬ 
bedded  in  a  turbulent  medium  that  may  have  a  net  updraft  or 
downdraft.  Until  the  advent  of  clear-air  radars  this  complication 
was  insurmountable  although,  as  noted  above,  many  experiments 
were  done  under  conditions  when  the  investigators  believed  atmo¬ 
spheric  conditions  to  be  relatively  quiet.  They  neglected  turbu¬ 
lence,  and  they  used  various  methods  to  estimate  the  mean  vertical 
wind.  The  accuracy  of  the  estimated  vertical  wind  was  only  about 
1  m  s  ',  which  was  not  accurate  enough  for  detennining  the  size 
distributions  of  the  smaller  particles  (Atlas  cl  al.TO. 

It  was  pointed  out  by  Wakasugi  cl  al."1' 111  and  Gossard  and  Str- 
auch1"1  that  clear-air  radar  wind  profilers  provide  the  necessary 
information  on  clear-air  stricture  to  allow  the  crucial  corrections 
for  a  non-quicsccnt  medium  to  be  made,  and  Doppler  radars  can 
now  collect  accurate  spectra  of  drop  number  density  and  liquid 
water  density  remotely  for  a  wide  range  of  liquid  water  clouds 
using  the  water  droplet  backscatlcr. 

However,  it  is  not  presently  planned  that  the  operational  "wind 
profilers'  will  routinely  provide  continuous  Doppler  spectra  to  the 
user.  Only  the  spectral  moments  [i  e.,  power,  mean  Doppler 
frequency  shift  (wind)  and  spectral  width)  will  be  routinely  provid¬ 
ed,  but  occasional  spectra  from  selected  range  gates  will  also  be 
available  for  removing  up/downdrafts.  We  here  show  how  such 
measurements  can  provide  new  cloud  information.  The  potential 
use  of  mean  vertical  fall  velocity  as  a  direct  measurable  related  to 
size  and  liquid  flux  in  a  precipitating  population  has  also  been 
pointed  out  by  Manner  and  Batten11*1,  and  by  Srivastava1'”.  In  this 
paper  we  present  radar-measured  fall  velocity,  reflectivity,  and 
liquid  flux  measuremems  from  a  wind  profiling  system  described 
by  Strauch  cl  al Il<1,  and  point  out  their  relevance  to  the  identifi¬ 
cation  of  hydrometcor  type  size  and  location  within  pree  pitaling 
systems 
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2.  OBSERVATIONAL  DATA 

The  necessary  data  are  oboined  from  tbe  zero  and  firfl  moments 
of  the  Doppler  spectra,  although  occasional  spectra  are  required  to 
remove  up/downdrafts  from  the  data.  The  interpretation  or  radar- 
measured  fall  velocity  and  the  calculation  of  mean  or  median  drop 
sire  is  unambiguous  only  if  the  form  of  the  dropsire  number 
density  distribution  is  known  or  can  be  reliably  inferred.  Figures  1 
and  2  shore  radar  measurements  of  the  development  of  cloud 
systems  that  eventually  produced  rain  at  the  ground.  Both  events 
occurred  on  2S  September  1990  when  the  synoptic  situation  was  as 
shown  in  Figure  3.  The  radiosonde  observations  (RAOBs)  at  0000 
and  1200  liTC  are  shown  at  the  appropriate  hour.  The  top  frames 
show  the  time-height  record  of  odor  reflectivity  where  the  radar 
reflectivity  factor.  Z.  (mm*  mJ)  is  related  to  drop  rize,  D  (nun), 
and  number  density.  N  (mJ  mm’1),  as  follows  (e-g.,  Doviak  and 
Zmic"11: 

Z  »  /  N  D6dD  . 


In  Figures  I  and  2  the  radar  reflectivity  is  calculated  from  the 
received  power  and  is  expressed  as  Z  in  decibels  (dBZ).  The 
lower  frames  show  the  time-height  records  of  radar-sensed  fall 
velocity  (m  s  ').  The  hourly  surface  observations  at  Denver's  Sta¬ 
pleton  Airport,  which  is  also  the  site  of  the  radar,  are  given  at 
hourly  intervals  above  the  top  frames.  The  reflectivity  and  fall 
velocity  data  arc  averaged  over  a  half  hour  from  30  s  data  acquired 
every  2  minutes.  The  radar-indicated  cloud  layers  arc  labeled  as 
"upper"  and  Tower."  Note  that  no  precipitation  reached  the 
ground  until  0500  UTC  in  the  first  event  or  until  1400  UTC  in  the 
second  event.  Although  the  precipitation  was  then  recorded  as 
"light  ram"  or  "light  ram  showers."  the  cnliancemcnl  in  rcfleciivity 
and  in  mean  fall  velocity  was  often  very  substanual  even  in  the 
(half-hourly)  averages.  We  will  show  how  height  profiles  of  flux 
(ram)  and  of  mean  drop  size  can  be  monitored  from  data  such  as 
these.  The  synoptic  situation  at  1200  UTC  is  shown  in  Figure  3. 
The  cloud  system  was  general1}-  stratiform,  wide-spread,  and  time- 
stationary. 

The  data  in  Figures  1  and  2  arc  found  by  calculating  the  zero  and 
first  moments  of  the  Doppler  spectra.  Figure  4  shows  an  example 
of  the  Doppler  spectra  recorded  by  the  radar  in  a  30-minute  period 
from  1400-1430  UTC.  slacked  in  height.  The  lowest  spectrum 
shown  is  500  m  above  the  radar  (AGL),  and  the  highest  is  at 
3.3  km.  The  1200  UTC  RAOB  shows  the  zero  degree  isotherm  to 
be  at  2200  m  AGL.  and  the  melting  process  taking  place  below 
that  height  is  obvious  in  Inc  change  m  spectral  fotni.  The  velocity 
associated  with  the  reflectivity  spectral  peak  in  gate  9  prior  to 
melting  is  about  1  m  s'1.  The  peak  moves  quickly  out  to  about 
5.5  m  s'1  in  gate  7  as  melting  proceeds.  At  lower  heights  the  mean 
fall  velocity  remains  about  the  same  for  gates  6  and  5,  and  gates  1 
and  2  show  the  dropsizc  spectra  below  cloud  base.  The  spectra 
from  the  third  and  fourth  range  gates  have  been  deleted  because 
the  data  at  these  ranges  arc  contaminated  by  scatter  from  traffic  on 
Interstate  70,  located  about  I  km  from  the  radar,  entering  through 
the  antenna  sidclobcs.  (We  note  here  that  a  high  signal-to-noisc 
ratio  in  the  fall  velocity  measurement  is  needed,  because  the  fall 
velocity  is  raised  to  the  second  or  higher  power  in  the  denominator 
of  (he  equation  for  flux  (ram  rale).) 

The  zone  between  the  melting  level  and  the  height  at  which  traffic 
noise  overwhelms  the  cloud  backscatter  (about  800  m)  is  too  (hilt 
to  show  evidence  of  the  drop  growth  by  liquid  accretion  discussed 
by  Gossard  cl  al."'1. 

Each  spectrum  shown  in  Figure  4  is  notmalized  to  a  common 
maximum  spread  for  the  stacked  display.  The  Doppler  vcloctly 
spectrum  can  be  converted  to  the  number  density  vs.  size  spectrum 
using  known  fall  velocity  vs.  size  relationships,  so  the  moments  of 


(be  Doppler  spectra  provide  height-profile  information  about  drop 
number  vs.  size. 

Below  the  cloud  base,  the  spectral  peak  near  Vf  =  0  is  caused 
solely  by  backscatter  from  the  clear-air  at  those  ranges  where 
ground  "clutter"  can  be  ignored.  Higher  up  the  clear-air  back¬ 
scatter  is  overwheL-ned  by  the  cloud  return  at  our  radar  wavelength 
(0.328  m).  and  there  is  no  clear  separation.  For  ckxsd  studies  it 
would  obviously  be  desirable  to  use  a  longer  wavelength  radar  that 
is  less  sensitive  to  droplet  scatter.  Cloud  backscatter  is  propor¬ 
tional  lo  compared  with  refractive  index  backscatter  which  is 
proportional  to  where  3.  is  the  wavelength. 

If  there  were  no  fall  velocity  and  no  up/downdrafts.  the  backscatter 
would  all  appear  a!  V/  =  0.  If  the  scatterexs  are  moving  randomly 
due  to  turbulence,  some  of  the  scattering  ensemble  will  be  mov  ng 
upward  and  some  downward  within  the  pulse  volume  at  any  given 
moment,  so  the  spectra!  line  at  Vf  =  0  will  then  be  spread  over  a 
Gaussizn  distribution  about  zero.  This  spread  is,  in  fact,  a  measure 
of  the  vertical  component  of  turbulent  intensity. 

3.  PARTICLE  SPECIES  IDENTIFICATION 

3.1  Tbe  Z-K-Vf  Relationship 

Cloud  data  acquired  with  a  vertically  pointing  Doppler  radar 
provide  direct  fall  velocity  information  so  the  flux  (R)  can  be 
calculated,  thus  adding  another  dimension  to  the  classical  7.-R 
relationship.  After  removal  of  up/downdrafts  in  the  medium,  the 
velocity  s-nsed  by  the  radar  is  the  rcflccnvity-wcigl.tcd  mean  fall 
velocity  over  all  sizes  of  drops,  i.c . 

]VfSWV, 

Vt  £_ -  ,  (!) 

iw 

0 

where  S^V,)  is  the  spectral  density  of  Z  vs.  Vr  The  flux  (i.e.. 
ra.n  rate)  is  given  by 

F  -  /  WW  •  {1) 

o 

where  $LU(Vf)  is  the  mass  spectral  density  of  cloud  liquid  water. 
F  is  flux  in  gr  m 1  s ',  which  is  easily  convened  io  ram  rate. 

R  (nun  hr') 

The  spectrum  of  Z  vs.  dropsizc  is  defined  by 

SZ(D)  =  N(D)  D*  O) 

where  D  is  the  diameter  of  small  (Rayleigh)  liquid  drops  The 
corresponding  spectrum  of  liquid  water  is 

Sl„(D)  -  Pl  i  N(D)  D'  •  pt  |  SZ(D)  D  >  <4> 

D  O 

where  pL  is  the  density  of  liquid  water. 

Therefore,  if  the  radar  measures  the  spectrum  of  radar  reflectivity, 
Sz  (Vf,  and  if  the  relationship  between  size  and  fall  velocity  is 
known  so  that  SZ(D)  *  (dVll3D)Sz(Vj),  the  reflectivity  spec- 
tram  measured  by  the  radar  can  provide  height  profiles  of  Z,  R  and 
Vt  in  contrast  lo  the  empirical  Z-R  relationships  which  have 
been  the  subjccl  of  many  past  investigations  (c.g ,  sec  Battan1”1). 

Operational  wind  profiling  radara  do  not  output  raw  spectra,  but 
rather  the  moment  data  Z  and  Vz  (sec  the  top  and  bottom  frames 
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of  Figures  1  and  2).  If  the  spectral  form  N(D)  is  known,  or  can 
be  reliably  inferred,  the  necessary  integrations  in  (1)  and  (2)  can  be 
carried  out.  If  N(D)  is  exponential,  as  is  very  commonly  assumed 
(e.g  .  Marshall  and  Palmei*1"55).  the  integrations  are  simple  and  3n 
catalytic  relationship  between  Z,  R  and  Vz  is  easily  obtained  if  the 
V/D)  function  is  also  chosen  to  be  exponential.  For  other  func¬ 
tions.  the  integrations  were  carried  cat  numerically.  We  note  that, 
instead  of  a  Z-/?  relationship,  we  are  now  dealing  with  an  unam¬ 
biguous  Z-R-Vf  diagram.  We  specifically  analyze  water  drops, 
graupei,  and  snow. 

3.2  Water  Drops 

Doppler  radars  have  long  been  used  to  measure  fall  velocity  (e.g.. 
Battan1”5:  Rogers  and  Yaup,}). 

The  early  literature  and  experimental  date  relating  terminal  fall 
velocity  of  water  droplets  in  quiet  air  to  their  size  is  extensive 
(e.g..  Gunn  and  Kinzci*’03;  Foote  and  DuToit551.  Beard**1).  It  has 
been  reviewed  and  discussed  by  Gossard  and  Strauch1'^'^,  and 
wc  concluded  that  this  relationship  represents  one  of  the  lesser 
errors  in  the  technique  if  the  embedding  medium  can  be  considered 
truly  quiescent.  In  the  present  paper,  three  relationships  for  three 
dropsizc  ranges  of  the  spectrum  arc  used.  For  very  small  drops 
with  fall  velocity  <  0.40  m  $*\  the  Stokes  relationship  for  the 
terminal  fall  velocity  is  used  (Beard  and  Pruppachcrm))- 

D  =  (18  \i  Vftg)m  tfa) 

where  g  is  acceleration  of  gravity  (m  s'1).  D  is  drop  diamctci 
(mm),  and  ft  is  the  viscosity  of  air  (For  pressure  and  temperature 
conditions  corresponding  to  about  3  km  MSL  in  a  standard  atmo¬ 
sphere.  ft  =  0.0167  (g  m 1  s'1).]  For  other  ranges  of  Vf , 

(\tw 

-^1  V/^far  040ms-‘  s  K/<2.50mi‘  ,  (5b) 
p‘> 


where 


Combining  (2)  and  (7)  then  yields  the  liquid  flux  (rain  rate) 

where  we  note  that  Z  and  V.  are  directly  measured  by  the  radar. 
In  (9),  D  is  in  mm,  Z  is  mm*  m'\  and  pL  is  the  density  of  water 
in  gr  cm  *.  Together  with  the  calculated  flux  (converted  to  rain 
rat*,  R)  they  constitute  the  ZRVf  diagrams  on  which  wc  have 
plotted  our  data.  For  other  assumed  dropsizc  distributions  the 
integrations  were  carried  out  numerically.  These  include  the  log¬ 
normal  and  modified  Cauchy  distributions  to  be  discussed  later. 
Figure  5  shows  that  C  =  5/3  provides  a  good  overall  fit  to  the  solid 
curve,  but  C  =  2  provides  a  better  fit  at  small  diameters  where  the 
large  number  densities  dominate  the  integrals.  Therefore  in  (9). 

C  =  2  provides  a  better  fit  than  C  =  5/3  to  the  numerically  inte¬ 
grated  values  of  F  found  from  the  solid  curve  in  Figure  5A 

3.3  Graupei  and  Hail 

Radar  observations  provide  no  direct  determination  of  the  state  (ice 
or  water)  of  the  scattering  particles,  so  an  apparent  or  equivalent  Z 
(often  written  Z#)  is  the  quantity  calculated  (e.g.  Sasscn1”1).  For 
particles  small  in  the  Rayleigh  sense,  the  reflectivity,  found  from 
the  received  power,  is  related  to  Z  by 

1  =  ^  |K|2  f  N(D)D6dD  (10) 

*  0 


and.  (Allas  ct  alw), 

D  *  -1  667  In  {[9  65  -  P/p/p^l/lO  3)  for  Vf>2Sms'\  <*> 

where  p  is  air  density  and  p*  is  air  density  at  1000  mb.  (Equations 
(Sa)-(Sc)  represent  a  slightly  improved  match  of  derivatives  where 
the  ranges  join,  compared  with  similar  relationships  in  our  earlier 
papers  (e.g.,  Gossard  ct  al.,,,,).J  These  conditions  arc  applied  :o 
clouds  in  Colorado  at  typical  heights  corresponding  to  a  pressure 
near  700  mb  (about  1500  m  AGL  at  Denver)  Figure  5  compares 
the  above  relationships  (solid  curve)  with  measured  fall  velocities 
from  many  sources  summarized  by  Mason1”1  in  his  Tabic  B.l 
(solid  points).  The  open  circles  and  the  crosses  show  the  function 


where  K  =  (e  -  l)/(e  ♦  2)  and  e  is  the  complex  permittivity  of 
the  scattcrcrs,  which  is  not  a  priori  known.  The  appropriate  value 
for  water  ( |AfJ2  =  0.93)  is  therefore  used  so  that 


If  we  had  a  prion  knowledge  that  the  particles  were  ice,  we  could 
have  calculated  a  true  reflectivity  factor, 

Z,  =  f  N,(D)D*dD  , 


v )  =  10  5  (1  -e'ac) 


given  by 


for  the  values  of  C  indicated.  The  expressions  (5)  were  used  tn 
the  numerical  integrations  for  the  Z  R  Vf  plots  in  our  figures  and 
the  integrations  were  carried  out  to  Vf  »  10  ni  s‘l.  However,  it  is 
useful  to  illustrate  the  results  with  the  appioximation  (6),  integrat¬ 
ing  over  Vf  to  «■© ,  so  (hat  simple  analytical  approximations  arc 
obtained  for  discussion. 


|A'!: 


so  the  measured  quantity ,  Z„  is  related  to  the  size  distnbution  of 
the  particulate  population  (about  which  wc  seek  information)  by 


Using  (6)  and  choosing  the  exponential  dropsizc  distribution: 

N(D)  =  N0e>e,Din°  ,  <7> 

where  Df,  is  the  mass  median  diameter  of  the  population,  (1)  and 
(7)  yield 

O0  =  3.67C  [Y",/7  -  n  (8) 


Z,  =  j  N,(D) D6dD  CD 

For  ice  panicles,  wc  pursue  a  dcnvation  similar  lo  dial  for  waier 
drops.  Figure  5E  shows  fall  velocity  vs.  size  data  for  graupei  and 
hail  collected  by  Auer  cl  al.M  at  a  pressure-height  of  aboul 
823  mb  and  found  lo  be  in  good  agreement  wilb  data  collected  in 
the  N(anonal)  Hfail)  R(escarcli)  E(zpcnmcnl)  reported  by  IteymsfickP1 


v 
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We  have  used  their  least  squares  fit  of  V,  to  D  to  approximate  a 
linear  relationship  and  calculate  the  equivalent  liquid  flux  for  the 
ice  particulates  they  studied.  In  our  calculations,  we  assume: 


=  0.95  Dos"  -086D  at  825  mb  . 

(12) 

NfP)  =  J Vwe','CTD"’“  , 

(I3a) 

N/D)D6 

l*wi 

(13b) 

SJJ»  =  P,[||n/D)Dj 

(13c) 

where  ice  particles  are  indicated  by  the  subscript  V  and  water  by 
the  subscript  "w."  The  quantity  |jr(|2/|Arj2  depends  strongly 
on  the  icc  particle  density.  pt ,  (Cumming  ar‘;  Rosenberg  |U1), 
which  is  highly  variable  in  graupel  and  hail  (Heymsficld  m). 


To  relate  D  to  Vr  for  different  air  densiues,  we  note  (Beard1'1)  the 
general  relationship  balancing  buoyancy  against  fncuonal  stiess, 
for  particles  larger  than  the  Stokes  range,  is 


Thus,  assuming  p(  >  >  p 

V/iz)  -  y/mipclpb)](PlIOA)  for  p,»p  04b) 

where  po  is  the  air  density  at  the  pressure-height  level  at  which 
the  empirical  measurements  were  made,  C„  is  the  drag  coefficient 
(assumed  independent  of  density),  p(  is  particle  density  (average 
assumed  to  be  0.4  gr  cm 1  in  the  data  sample  which  led  to  (12),  p 
is  air  density,  g  is  the  acceleration  ol  gravity,  and  A  is  the  cross- 
sectional  area  of  the  particle.  ( A  *  (rr/4 )D2  for  a  sphere.)  There¬ 
fore,  for  heights  :,  other  than  the  825  mb  level,  to  which  (12)  ap¬ 
plies; 

V/(z) .  V\m)  1^2  A  b  F:(825)7(p) .  <l5> 

p(Z)  0.4 

For  the  Standard  Atmosphere,  p(825)  "0997  kg  m's .  We  will 
assume  the  70o  mb  level  to  be  the  typical  cloud  height  above 
Denver  and  use  it  for  our  ZRV,  plots.  Therefore,  p(700)  -  0  912 
kg  mJ  so  (12)  gives  I' (700)  -  1 0  D°sn  -  0.9 D  . 

From  (1),  (12),  and  (15)  we  find 

V  =  (0  86)(7)7(p)>F  |i^j ,  <>6> 

end  from  (2),  (13c),  and  (16), 

R,*0623  ,r|p1B£)lrtp))»  AxIO-2  (17) 

{  W  j  V\ 


where  R„  is  the  equivalcn'  rain  rate  (mm  hr ')  in  the  ice  particu¬ 
lates. 

For  water,  |KJ2  -  0  93  at  temperatures  <20°C  for  radar  wave¬ 
lengths  greater  than  10  cm  (e.g.,  BattanM)  For  ice,  the  ratio 
KJp,  =  0.49 1 0015  over  the  range  of  p,  ofimercst 
(Gumming  |!I1).  Therefore,  to  a  very  good  approximation, 


(18) 


The  graupel  curves  in  Figures  6, 7,  a.id  8  have  been  plotted  from 
(18)  using  p( = 0.4  pL  (an  intermediate  value  in  the  range  found 
by  Heymsfield181)  and  assuming  a  pressure  level  of  700  rob  (about 

1 .4  km  above  Denver).  F ,  has  been  converted  to  equivalent  "rain 
rate"  in  mm  hr'1,  and  plotted  parametrically  on  dBZ  and  V  axes. 

3.4  Snow 


To  relate  fall  velocity  to  size  of  a  snow  particle,  we  adopt  the 
empirical  relationship  of  Magono  and  Nakamura1101  (see  discussion 
by  Ihara  et  a].12'1);  i.e., 


Vf  =  8  8[(p,-p)(0.1)D]1'2  s  2.78  (p,- p)'nD'a  (19) 


where  D  is  the  diameter  of  a  snow  "sphere”  in  mm,  pf  is  the 
density  of  snow  (gr  cm  5),  and  p  is  air  density  (gr  cm'1). 

The  measurements  of  Magono  and  Nakamural>oi  were  made  at  air 
densities  corresponding  to  a  pressure-height  near  sea  level,  so  with 
reference  to  other  heights,  we  assume  that 

1/2  /  f  b  * 

Vf  -  2.78  ~  f-1-—.  j  D'a  ~  2.78/tp)u2  Dm  (20> 

where  fj>)  is  Vfincd  by  (20).  Assummg  the  fonns  of  (13a,b,c) 
to  be  applicable  ,o  snow,  and  integrating  (1),  we  find 

Fj  =  3  77 m'nD^  (2D 


and  mtegrating  (2)  and  using  (21),  we  find,  assuming  an  exponen¬ 
tial  size  drstnbuuon  (Braham1”1), 


Ra  *  0.533  ir 


(22) 


The  snow  curves  in  Figures  6,  7,  and  8  have  been  plotted  from 
(22)  using  (18).  In  Figure  7b,  curves  for  dry  snow  (Pi  =  005  p,) 
and  wet  snow  (p(  =  0.2  pj  arc  both  shown  for  R  ■=  1  mm  hr 


4.  INTERPRETATION  OF  THE  ZRV,  DIAGRAMS 

It  is  instructive  to  analyze  Die  cloud-layer  information  in  Figures  1 
and  2  on  Z RV,  diagrams.  There  are  two  dominant  cloud  layers  in 
boUi  events,  but  Die  double  layer  structure  is  especially  evident  in 
Figure  I  where  Diere  is  clearly  one  cloud  layer  Dial  forms  at  a 
height  of  2  km  at  about  1230  UTC  and  anoUier  layer,  initially  at  a 
height  of  about  7.6  km,  that  descends  during  the  period  and  finally 
merges  wiDi  Die  lower  layer  at  about  1530  UTC.  The  hourly 
surface  observations  report  rain  showers  at  the  ground  at  1400 
UTC,  becoming  light  ram  by  1600  UTC.  The  top  frames,  showing 
the  magnitude  of  Die  reflectivity  in  dBZ,  illustrate  Die  value  of 
Diese  radars  for  monitoring  Die  morphology  of  Die  cloud  layers  as 
they  develop.  They  are  especially  valuable  for  observing  cloud 
layer  structure  above  a  broken  or  overcast  layer  of  lower  clouds 
'Ve  note,  for  example,  Dial  the  upper  layer,  originally  estimated  to 
be  at  7.6  km  AGL  by  the  surface  observer,  descended  steadily 
through  the  period.  However 't  became  obscured  from  surface 
observation  by  Die  cloud  layer  developing  at  2  km  and  continued 
to  be  reported  at  7.6  km  as  originally  estimated.  The  lower  frames 
show  Die  reflectivity-weighted  vertical  fall  velocity  as  sensed  by 
Die  radar  They  show  ice  precipitation  tn  Die  upper  cloud  layer 
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throughout  the  period.  Significant  water  precipitation  develops  in 
the  lower  layer  after  about  1230  UTC,  although  it  was  not  reported 
at  the  ground  until  about  1400  UTC.  We  note  that  the  rate  of 
descent  of  the  upper  layer  was  about  0.2  m  s'1,  while  the  average 
reflectivity-weighted  fall  velocity  was  about  1  m  s  '.  The  radio¬ 
sonde  observations  taken  at  0000  and  1200  UTC  are  plotted  at  the 
time  of  the  corresponding  radar  sounding.  We  note  that  the  0° 
isothcim  was  at  about  2.1  km  AGL  at  1200  UTC.  Thus,  the  lower 
cloud  layer  was  constantly  below  the  melting  level  and  the  upper 
layer  was  above  it. 

The  pattern  of  cloud  development  shown  in  Figure  2  was  similar 
to  that  in  Figure  1,  but  it  was  less  intense.  Although  there  was  a 
lower  cloud  layer  at  1-2  km.  the  fall  velocities  associated  with  it 
were  generally  too  small  to  be  reliably  extracted  from  the  ambient 
noise  in  "backscatter’  at  this  height  because  the  traffic  "noise" 
from  1-70,  mentioned  earlier,  degraded  the  quality  of  the  reflec¬ 
tivity  and  fall  velocity  information  dunng  busy  times  of  the  day. 
Therefore,  lower  cloud  data  were  rejected  unless  the  fall  velocity 
was  relatively  large  (>  0.5  m  s  ')  compared  with  the  noisy  back¬ 
ground.  The  lower  cloud  layer  in  Figure  1  generally  satisfied  this 
entenon,  but  the  lower  cloud  layer  in  Figure  2  (5  PM  to  10  PM 
local  ume)  only  produced  large  enough  fall  velocities  when  precip¬ 
itation  began  to  reach  the  ground  at  0500  UTC.  These  data  arc 
plotted  in  Figures  6  and  7  where  the  zones  of  the  various  particles 
species  are  shown  on  2RV,  diagrams. 

The  vanous  time  and  height  intervals  analyzed  arc  shown  in  Figure 
6  and  all  of  the  data  from  the  centers  of  the  upper  (£/)  and  lower 
(L)  layers  have  been  combined  in  Figure  7a.  We  sec  that  the 
zones  in  which  the  data  lie  correspond  essentially  to  snow  for  the 
upper  layer,  and  to  drizzle  or  light  rain  for  the  lower  layer.  For 
reference,  the  Marshall  and  Palmer1”'  Z-R  relationship  is  shown 
dotted  on  Figure  7a.  The  Z-R  relation  not  only  cuts  sharply  across 
the  theoretical  flux  curves  and  it  implies  average  fall  vclociucs  of 
4-5  m  s '  for  drizzle  and  light  rain.  It  is  noteworthy  that  measure¬ 
ments  of  R,  in  most  of  the  Z-R  relations,  were  made  at  the  ground 
below  the  clouds  after  considerable  size-sorting  has  occurred. 
Evidently  the  fall  velocities  provided  by  vertically  pointing  wind 
profilers  can  add  significantly  to  the  understanding  of  possible 
relationships  between  radar  data  and  rain  rates. 

The  upper  and  lower  cloud  radar  data  provide  sets  that  lie  in 
different  zones  of  the  2 RVf  diagrams  and  therefore  such  plots  offer 
aid  in  identifying  the  nature  of  the  particles  scattering  the  radar 
waves  (see  7b).  We  note  very  good  agreement  between  the  theo¬ 
retical  flux  curves  for  snow  and  the  Z,  Vz  values  observed  by  the 
radar  near  the  center  of  the  upper  layer.  The  data  suggest  little 
change  in  the  nature  of  the  particles  or  in  the  mass  flux  (about 
.25  mm  hr ')  as  the  layer  lowers,  but  the  reflecuvity  and  fall 
velocity  both  increase  with  time  as  the  layer  descends  and  the 
ambient  temperature  rises.  In  Figure  6c  there  is  a  clear  pattern  in 
fall  velocity  and  reflectivity  (dBZ),  with  time,  as  the  upper  cloud 
layer  develops  and  lowers.  Between  1100  and  1500  UTC  the 
reflectivity  at  the  center  of  the  layer  increases  from  3  dBZ  to 
25  dBZ  and  die  layer  lowers  from  about  5.5  km  AGL  to  2.5, 
corresponding  to  an  increase  in  temperature  from  about  -20°C  to 
■4°C.  The  mean  fall  velocity  increases  with  increasing  backscatter, 
and  the  V{  vs.  dBZ  relationship  agrees  well  with  the  theoretical 
relationship  for  a  flux  of  about  0,25  mm  In''  and  a  snow  density  of 
about  0.5  g  cm  \  In  die  0000-0400  UTC  event,  no  similar  pattern 
is  evident. 

The  ZRVj  plots  are  also  useful  in  the  analysis  of  individual  reflect¬ 
ivity  profiles.  Figure  8  shows  half-hourly  averaged  profiles  of 
backscattered  power  with  their  corresponding  ZRVf  diagrams  at 
1400-1430  UTC  -  top,  (the  time  the  spectra  were  recorded),  and  at 
1530-1600  UTC  -  bottom.  The  latter  case  is  interesting  because  it 
shows  what  may  be  an  ice  particle  transition  to  snow,  beginning  at 
range  gate  17.  We  note  that  the  fluxes  Uiroughoui  the  height 
domains  of  the  different  particles  remain  roughly  the  same  at  about 


0.25  mm  hi'1.  The  transinon  from  ice  to  water  is  shown  dotted  on 
the  ZRVf  plots. 

In  no  case  is  there  a  very  well  defined  "bright  band",  although 
there  is  some  enhanced  reflectivity  seen  in  the  dashed  zone  of  the 
ZRV/s  at  1500  and  1600  UTC.  Although  this  enhancement  is  not 
trivial  (amounting  to  perhaps  5  dBZ),  the  sharp  increase  in  fail 
velocity  associated  with  the  melting  is  a  more  impressive  feature  of 
the  records.  In  general,  proceeding  downward  through  the  upper 
layer,  the  diagram  shows  that  initially  the  reflecuvity  increases 
without  much  change  in  fall  velocity.  Below  the  maximum  re¬ 
flectivity  (nose)  there  is  some  increase  in  fall  velocity  as  the 
reflectivity  decreases  toward  the  melting  level.  This  may  suggest 
that  the  intercloud  zone  is  made  up  of  fewer  but  larger  particles. 

At  the  melting  level  the  enhancement  in  reflectivity  proceeds  the 
increase  in  fall  velocity.  Unfortunately,  spurious  scatter  from 
vehicles  on  1-70  makes  interpretation  of  data  from  the  third  and 
fourth  range  gates  (900-1300  m)  uncertain  in  this  critical  height 
range,  and  they  have  been  deleted. 


5.  PROFILES  OF  DROPS1ZE 

For  exponential  dropsize  and  fall  velocity  distnbuuons  such  as  (6) 
and  (7),  measurements  of  \\  are  easily  converted  to  D„  (the  mass 
median  diameter  for  the  exponential  distribution).  For  other 
funcuons,  the  necessary  integrations  of  (1)  are  carried  out  numeri¬ 
cally.  Instead  of  Z>„  we  have  chosen  to  plot  the  more  generally 
definable  "liquid-weighted  average"  diameter,  DL,  of  the  size  distri¬ 
bution,  i.c.: 


[DSuJD)dD 

Dl  *  -  ,  (23) 

]sji.D)dD 


where  SlM  (D)  is  given  by  (4) 

We  consider  (1)  cxponennal,  (2)  log-normal,  and  (3)  modified 
Cauchy  distributions,  where  we  cl  “w e  to  define  them  as  follows. 

(1)  Exponential  distribution  |sec  (7))  (Note  that  3.67/f>„  =  4/D, ) 

(2)  Log  normal  distribution: 


N(D)  =  N.e 


(hP-hOp1 

lido, 


(24) 


where  D,  is  a  scale  representing  the  mode  of  the  distribution,  .V, 
is  the  modal  number  density,  and  o,  is  a  width  scale  equal  to 
about  1.43  (Feingold  and  Levin1”1) 


(3)  Modified  Cauchy  distribution: 


m 


(25) 


where  Dw  is  a  diameter  at  which  N(D)INa  *  1/2  and  y  is  US  slope 
on  a  log  log  plot  when  D  »  Dw.  Our  data  suggest  y  is  between  7 
and  8.  The  ZRVf  plots  for  water  drops  for  the  three  distributions 
are  shown  in  Figure  9  for  comparison. 


The  exponential  is  a  two  parameter  distribution,  while  the  log 
norma!  and  Cauchy  are  three  parameter  distributions  The  results 
are  shown  in  Table  1  where  DL  is  given  for  the  various  parameters 
of  the  distributions.  Figure  10  shows  ihe  relationship  between  the 
radar-measured  vertical  velocity,  Kp  and  the  Iiquid-weighted_ 
mean  diameter  DL  for  several  distributions,  and  we  note  that  Vz 
can  be  translated  into  the  diopsizc,  DL,  within  fairly  narrow  error 
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limns  if  ihe  real  dropsize  distribution  resembles  any  of  the  com¬ 
monly  chosen  functional  forms.  Figure  1 1  shows  height  profiles  of 
liquid-averaged  dropsize  [calculated  from  (20)  assuming  an  expo¬ 
nential  distribution]  from  1330  to  1500  UTC.  We  have  interpolat¬ 
ed  across  gates  3  and  4  (dashed  zones).  Melting,  beginning  at 
2100  m  AGL,  is  complete  by  about  1800  m.  Hie  liquid-weighted 
mean  dropsize  of  the  distribution  is  then  about  02  mm. 

Table  1 


OJDe 


Exponenual 

109 

DJD0 

Log  normal 

1.3 

2.30 

1.43 

1.77 

13 

1.45 

y 

DJDW 

Cauchy 

7 

1.25 

73 

1.148 

8.0 

1.08 

6.  CONCLUSIONS 

The  new  generation  radar  wind  sounders  will  provide  a  useful  new 
class  of  clo:“'/prccipitaiion  data  that  will  be  continuous  in  time  and 
available  over  dense  spatial  networks.  1)  They  will  permit  cloud 
layer  structure  to  be  monitored  above  lower  overcasts  that  preclude 
optical  observation.  2)  They  will  allow  height  profiles  of  cloud 
population  dropsize  to  be  monitored  continuously  as  precipitating 
systems  evolve.  3)  They  will  allow  the  transition  zone  of  ice  to 
water  to  be  monitored  continuously  and,  with  RASS,  compared 
with  the  0°  isotherm.  4)  They  will  allow  height  profiles  of  liquid 
flux  (rain)  to  be  monitored  continuously  as  cloud  systems  develop 
precipitauon.  5)  They  offer  promise  of  hydrometeor  identification 
and  observation  of  hydrometeor  evolution  in  tune  and  height. 
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Figure  1.  Soundings  on  28  September  1990  from  a  vertical!;  -pointing  radar  located  at  Stapleton  Field,  Denver. 

Top  frames:  Height  profiles  of  dBZ  averaged  over  ha f- hourly  intervals.  Lower  Frames:  Profiles  of  vertical  velocity 
measured  with  antenna  pointing  vertically  averaged  over  half-hourly  intervals.  Bottom:  Stapleton  radiosonde  shown 
at  the  time  it  was  obtained  and  temperatute  soundings  by  RASS.  Hourly  surface  airway  observauons  at  Stapleton 
are  shown  above  the  top  frames,  where  OVC  »  overcast  (>0.9  sky  cover),  SCT  *  scattered  clouds  (0.1 -0.5  sky  cover), 
BKN  »  broken  clouds  (0.6-0.9  sky  cover),  RW  -  rain  showers,  R-  =  light  rain. 
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Figure  2.  Same  as  Figure  1,  except  different  time  and  no  soundings  by  RASS  arc  shown. 
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Figure  3.  Synoptic  surface  wither  map  of  1200  UTC  on 
2S  September  1990. 
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Figure  4.  Doppler  spectra  slacked  in  height,  from  the  1406- 
•  430  UTC  lime  interval  of  the  record  shown  in  Figure  2.  In 
these  plots  the  spectra  of  log-power  (vertical  axis)  are  all  nor¬ 
malized  to  the  same  spread.  Range  gates  3  anil  4  (heights  900- 
1 300  nt  AGL)  aie  omitted  because  of  "clutter"  from  traffic  on 
1-70  in  this  range  interval.  The  two  lowest  spectra  are  below 
cloud  base.  The  melting  level  is  at  2100-2300  m  AGL  VK  is 
the  Nyquist,  or  folding,  frequency. 


Figure  5.  (a)  Data  and  functions  relating  terminal  fall  velocity 
of  water  drops  in  quiet  air  to  their  diameter.  Solid  curve  is  a 
three-segment  fit  of  the  functions  (5)  to  experimental  data  pub 
lishcd  by  Mason11'1,  (Table  B.l),  adjusted  to  a  pressure-height  of 
700  mb.  (b)  Fall  velocity  of  ice  particulates  measuied  by  Au  . 
cl  al lai  R4b  is  lump  graupel,  R4c  is  conical 
graupel. 
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Figure  6.  Location  of  lower  (L)  and  uppci  (U)  cloud  layer 
points  on  a  ZRVf  diagram  whose  background  curves  arc  plots 
from  (9),  (17),  and  (22).  Fall  velocities  and  dBZ  arc  the 
maximum  values  for  each  of  the  two  layers.  Tunes  at  beginning 
and  end  of  records  are  shown  and  numbers  beside  points  are 
degrees  (C)  below  0°C 
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Figure  9.  Theoretical  ZRV,  plots  for  lognonnal  liquid  dropsize 
distribution  (see  (24)),  modified  Cauchy  distribution  (see  (25)), 
and  exponential  distribution  (see  (7)],  from  numerical  integration 
of  (I)  and  (2) 
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Figure  7  (a)  Composite  of  all  upper  layer  and  lower  layer 
points  from  Figure  6,  and  (b),  diagram  of  the  zones  on  ZRVt 
plots  where  various  hydrometeor  types  may  be  expected  to  he. 
The  Marshall-Palmef”1  (liquid)  and  Sekon-Snvaslava|M| 
(snow)  Z-R  relations  are  shown  for  comparison. 
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Figure  Kb  PIol  of  relationships  between  radar-measured  fall 
velocity  V  and  liquid-weighted  mean  dropsize  (found  from  (I) 
and  (23)),  for  three  funclions  somclimes  used  10  describe  drop- 
size  distributions  (see  (7),  (24),  and  (25)). 
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Figure  8.  Top  frames.  Average  profile  of  dBZ  from  1400-1430 
UTC  shown  with  corresponding  ZRVt  diagram  and  closest 
RAOB.  Lower  frames'  Aveiage  profile  of  dBZ  from  1530- 
1600  UTC  shown  with  corresponding  ZRV,  diagram 


Figure  1 1 .  Profiles  of  liquid-sveightcd  mean  diameter  vs.  height 
calculated  from  radar-measured  Vt  using  (23)  and  adopting  (6) 
and  (7)  with  C  =  2  Dashed  portions  are  interpolated  over  gates 
3  and  4. 
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The  frequency  scale  is  shown  in  figure  1b.  The  center 
frequency  is  the  laser  output  frequency  which  is  for  the 
wavelength  of  10.6  micrometer  28.3  10  ^Hz.  The  Doppler 
shifted  radial  velocity  for  the  atmospheric  wind  is  between 
0  and  25  MHz. 

The  coherent  detection  technique  uses  part  of  the  output 
energy  of  the  master  oscillator  laser  (1)  for  an  offset 
locking  loop  (2)  that  maintains  the  local  oscillator  laser  (3) 
at  a  constant  frequency  difference  from  the  master 
(Figure  2). 


Figure  2:  Block  Diagram  of  the  Coherent 
Detection  Technique 


The  radiation  passes  through  a  Brewster  window 
(4),aligned  for  horizontal  polarization,  through  a  quarter- 
wave  plate  (5)  to  rotate  tho  polarization  to  circular ,  and 
into  a  telescope  (6).  The  telescope  collimates  the  beam 
and  transmits  it  into  the  atmosphere.  The  return  beam, 
Doppler  shifted  and  rotated  in  polarization,  comes  back 
along  the  same  path  into  tho  telescope  (6)  and  to  the 
quart6r-wave  plate  (5).  Because  of  the  reverse 
polarization  of  the  return  beam,  the  radiation  passing 
through  the  quarter-wave  plate  now  becomes  vertically 
polarized.  The  beam  is  reflected  by  the  Brewster  window 
(4)  to  a  beam  splitter  (7) ,  where  it  is  combined  with  the 
local  oscillator  beam  and  transmitted  to  the  detector  (8). 
The  coherent  mixing  of  the  two  beams  is  called 
heterodyning  and  results  in  an  interference  pattern 
imaged  on  the  surface  of  the  detector.  If  one  uses  the 
master  laser  also  as  a  local  oscillator,  one  can  reduce  the 
amount  of  components  necessary  for  such  a  system.One 
gets  a  homodyne  system. 

The  interference  pattern  fluctuates  according  to  the 
difference  in  frequency  of  the  two  beams,  thereby 
resulting  in  an  electrical  signal  coming  out  ol  the  detector 
in  the  form  of  a  frequency  modulated  wave  with  the 
modulation  frequency  being  equal  to  the  Doppler  shift  of 
the  return  beam.  The  signal  processor  necessary  for  the 
frequency  analysis  gives  an  output  resolution  depending 
on  the  processor.  For  cw-laser  Doppler  systems  normally 
the  Surface  Acoustic  Wave  analyzers  are  used  with  a 
resolution  in  the  order  of  20  kHz.  These  cw-laser  Doppler 
systems  are  used  as  ground  based  systems  to  get  wind 
profiles  in  the  atmospheric  boundary  layer.  The  range 
resolution  depends  on  tho  focus  size  oi  the  telescope 
used. 

With  the  described  laser  Doppler  method  one  gets  the 
radial  wind  component.  To  determine  the  magnitude  and 
direction  of  the  horizontal  wind,  some  form  of  scanning  in 
azimuth  and  elevation  is  required  (Schwiesow  et 
al.,  1 985),  Lhermitte  and  Atlas  (1961)  showed  that  it  is 
possible  to  retrieve  mean  horizontal  wind  magnitude  and 
direction  from  radial  velocity  data  around  horizontal 


circles  centered  on  the  vertical  axis  of  the  scanner 
(Figure  3). 


Figure  3:  Velocity-Azimuth-Display  (VAD) 

Scan  Technique 

This  type  of  pattern  Is  called  a  conical  scan  because  the 
lidar  beam  sweeps  out  a  cone  with  the  apex  at  the 
scanner.  The  representativeness  of  wind  values  derived 
from  scans  over  parts  of  a  full  circle  were  determined  by 
Schwiesow  et  al.  (1985).  The  task  is  to  fit  the  measured 
radial  velocity  vlos  vs-  azimuth  data  to  a  function  of  the 
form 

vlos  - 1 u  s'n®  C0S(p  + v  cose  c°s<p  +  w  sincp  I 
where 

u  is  the  east-west  wind  component, 
v  is  the  north-south  wind  component, 
w  is  the  vertical  wind  component, 

6  is  the  scan  angle  clockwise  from  north,  and 
<p  is  the  elevation  angle, 

using  a  standard  least-square  procedure.  The  calculation 
can  be  made  also  for  an  azimuth  angle  region  (sector)  in 
the  order  of  45  degree.  As  known  from  other  fitting 
procedures,  one  needs  a  number  of  data  points  to  get  tho 
accurate  wind  vector.  As  known  from  the  equation  shown 
above  at  least  there  are  data  sets  necessary  at  two 
different  azimuth  angles  to  get  the  horizontal  wind 
components  u  and  v.  Figure  3  shows  below  the  different 
radial  wind  components  versus  the  azimuth  angle.  For  a 
homogeneous  wind  field  these  components  form  a  sine 
wave.  The  deviation  from  the  zero  line  is  direct 
proportional  to  the  vertical  wind  component  (dashed  line). 


4.  Design  of  the  Compact  Laser  Doppler 
Anemometer  (LDA) 

The  following  sections  describe  the  design  of  the  laser 
system,  its  principle  operation  and  its  signal  processing. 

4.1  Introduction 

The  block  diagram  in  I  gure  4  shows  the  different  units  of 
the  compact  LDA 
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DISCUSSION 


K.  CRAIG 

Could  you  comma a  on  Ac  relative  mats  cf  Doppler  triad  profiler  radars  and  dual-polarizmion  radars  fir  searing  cf 
hydromaeor  types. 

AUTHOR’S  REPLY 

BcAtechaiqaes  can  identify  many  qfthe  possible  hydroneseor  populations.  Since  the  techniques  are  fitmdamertalST  independent 
f  lyrically,  they  are  complementary  rather  than  competitive  wiA  each  other.  Uncover,  the  method  described  in  the  papa 
provides  cloud  Jinx  and  mass  density  information  directly,  vchile  the  polarization  techniques  do  not. 


W.  BOERNER 

1.  Polarization  diversity  -  which  polarization  state  for  antenna  systems  is  used? 

2.  Ambiguity  cf  hydromaeroic  species  could  be  removed  with  * complete  polarimetric  (scattering  matrix)  radar. " 

3.  Note  that  polarimetric  Doppler  signatures  are  not  identical  for  inbomogeneously  swirling  hydrometeteoric  masses,  e.g. , 
down  bursts,  tornado,  etc. 

AUTHOR’S  REPLY 

1.  Our  radar  does  not  have  dual  polarization.  The  antenna  points  vertically  so  horizontal/vertical  polarization  loses  much 
of  it  meaning. 

2.  We  agree  that  polarization  capability  would  remove  ambiguity  in  the  pariide  identification. 

3.  Interesting  point. 


J.  G0LDHIRS1I 

1.  In  further  answering  Ken  Craig’s  question  about  the  difference  between  multiple  polarization  radars  and  Dr.  Gossard’s 
techniques,  they  both  do  the  same  thing.  They  both  measure  Drop  Size  Distribution  (DSD);  but  using  different  techniques. 
Dr.  Gossard's  System  is  furthermore  operational. 

2.  Have  you  done  anything  by  way  of  validation?  At  rain  rales  of  4  mm/h  and  greater,  a  ground  based  rain  gauge 
disdrometer  could  be  wry  helpful  for  validation. 

AUTHOR’S  REPLY 

We  intend  to  employ  the  technique  at  higher  rain  rales;  however  at  the  wavelength  we  are  using  (33  cm),  the  "clear  air" 
backscatter  quickly  becomes  obscured  by  the  cloud  backscatter  at  the  higher  rain  rales.  At  our  wavelength  the  most  useful 
conditions  are  drizzle  and  light  rain.  We  hope  to  get  similar  data  with  a  74  cm  wavelength  radar  soon. 
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Digital  channel  sounder  for  remote  sensing  of  scatlerers 
in  mobile  radio  environment 

RudoJf  Werner  Lorenz  and  Gerhard  Katie! 

Fcndnogsmstitut  der  Deutsches  Bodespost  Telekom 
D-6100  Darmstadt,  Federal  Republic  of  Germany 


1.  INTRODUCTION 

Computer  prpgrws  (or  the  aambu  of  arcs  coverage  im  moWe 
tuSo  are  hacd,  at  ie  preset  time,  ca  the  Undiaeariowi  rndym 
of  diflraclioa  aloagdre  direct  pttdibcranccttb—e  sad  mobile  ttatioi 
Mobile  radio  propagation,  however,  b  characterized  by  rqdupadi 
iftmmimicMi.  Partial  waves  scattered  from  moartaias  or  large 
building*  may  reduce  the  pads  Iocs  considerably  if  ^aficut 
obftnxtioos  attenuate  the  direct  wave.  Large  estimation  errors  occur 
in  areas  where  doc  to  heavy  obstruction  of  the  direct  path  a  large 
portion  of  die  received  signal  is  composed  of  scattered  waves.  Three- 
dimensional  propagation  models  are  to  be  developed  to  improve 
prediction  is  these  crucial  areas.  This  requires  the  availability  of 
wide-band  measurement  results  to  determine  the  scattering  from 
obstacles  to  the  terrain  for  estimation  of  multipath  power  distribution. 

Several  channel  sounders  having  bandwidth*  of  5  MHz  or  more  have 
been  described  in  the  1  terature.  e.g.  (!].  A  pseudorandom  sequence 
(PNS)  is  transmitted  and  the  impulse  response  (IR)  is  gained  by 
correlation  of  the  received  signal  with  the  replica  of  the  PNS. 
Surface-acouflic-wave  devices  (SAW)  are  used  for  correlation.  These 
set-ups  suffer,  however,  from  the  following  drawbacks: 

•  The  sensitivity  is  poor.  Due  to  the  large  bandwidth  h  is  difficult  to 
get  reliable  results  in  areas  where  the  path  loss  is  large. 

•  Internal  re  flections  of  the  SAW  devices  result  in  poor  dynamic 
range  of  the  IRs. 

•  The  wider  the  bandwidth  the  larger  is  the  amount  of  data  to  be 
recorded  and  analyzed.  This  nukes  it  difficult  to  store  the  data 
quickly  which  is  required  for  the  investigation  of  the  time  variation 
of  the  received  signal.  Moreover,  the  amount  of  data  impedes  the 
analysis  of  Urge  measurement  campaigns. 

•  Because  of  the  limited  radio  spectrum,  it  is  very  difficult  to 
perform  wideband  radio  transmission  without  interference  of  or  by 
other  radio  services. 

A  new  channel  sounder,  called  *RU$K  400*,  has  been  developed.  Its 
bandwidth  is  a%  low  as  400  kHz.  The  correUtion  is  performed  by 
digital  signal  processing.  The  dynamic  range  and  the  sensitivity  are 
larger  than  achieved  by  SAW  devices.  On  the  other  hand,  the  resolu¬ 
tion  of  the  IR  is  as  poor  as  5  fit  compared  to  0,2  fu  or  more  by  the 
set-up  described  in  (1). 

RUSK  400  is  capable  of  measuring  complex  IRs.  The  main  purpose 
for  its  development  was  to  gain  data  for  system  simulation  of  the  new 
Pan-European  digital  mobile  radio  transmission  system,  the  GSM- 
system  (2J.  Nevertheless,  RUSK  400  is  suitable  to  achieve  useful 
estimation  of  the  three-dimensional  multipath  power  distribution  and 
its  allocation  to  obstacles  in  the  terrain.  This  is  demonstrated  in  the 
following. 

2.  THE  CHANNEL  SOUNDER 

2. 1  Multipath  propagation  in  mobile  radio 

It  is  well-known  thst  radio  coverage  in  s  deep  vsllcy  having  steep 
slopes  is  often  better  thsn  in  a  flat  vsllcy  hiving  moderate  slopea. 
The  scattering  at  the  opposite  slope  depends  on  its  steepness,  its 


roughness,  its  size  aad  the  acgks  of  mieaoe.  ks  co*ribc**»  to  the 
received  signal  depends  on  the  obstructions  in  die  mromfrgsof 
dbc  aK*3e.  k  i*  mo*  fikely  drat  a  laije  portico  of  power  b 
Ir— nutted  via  scattering  at  the  dope,  if 

•  *ejfTs  free  fine  of  right  (LOS)  from  the  mobile  lo  the  slope. 

•  Ike  direct  LOS  between  mobSc  and  base  station  is  heavily 
obstructed,  aad, 

•  there  is  free  LOS  from  the  base  station  to  the  same  area  of  the 
slope  which  is  seen  from  the  mobile. 

Two-dimensional  ?«opaga£ioci  models  considering  only  diffraction 
theory  at  w edges  of  the  direct  path  fail  in  these  cases.  Hanoi rg  of 
mobile  radio  cells  requires  not  only  the  estimation  of  the  path  loss  but 
also  of  frequency  selectivity  in  case  of  wide-band  radir  *-*nsais*s$oa. 
The  duration  of  the  IRs  should  not  exceed  a  specified  value  which  is 
determined  by  the  performance  of  equalizers  in  the  receiver. 
Otherwise,  the  mobile  radio  conununicarion  is  deteriorated  by 
intersymbol  interference  even  if  the  received  power  well  exceeds  the 
noise  level. 

2.2  Correlation  measurement 

In  case  of  RUSK  400  the  maximum  resolvable  excess  delay  r  is 
limited  to  T  =*  127  fU,  the  period  of  the  PNS.  The  IR  is  gained  not 
by  direct  crosscorrelation  of  the  received  signal  with  the  replica  of  the 
PNS  but  by  multiplication  of  the  Fourier  Transform  (  S)  of  the 
received  signal  with  the  conjugate  complex  of  the.y'of  the  replica  of 
the  PNS.  This  yields  shorter  signal  processing  time.  A  further 
advantage  of  this  procedure  is  that  equalization  of  the  transfer 
function  of  the  entire  set-up  and  pulse  shaping  of  the  IR  can  be 
performed  without  spending  extra  processing  lime.  For  this  purpose 
the  transfer  function  of  the  entire  set-up  is  to  be  measured  by  bsck-to- 
back  connection  before  the  radio  props  ation  measurement  is  started. 
The  S  of  the  PNS  is  then  multiplied  with  the  reciprocal  of  the  S  of 
the  set-up  transfer  function  and  the  S  of  the  desired  pulse  shape. 

It  turned  out  that  the  equalization  of  the  transfer  function  of  the  entire 
set-up  improved  the  dynamic  range  of  RUSK  400  considerably.  It 
avoids  distortions  arising  especially  from  the  double  balanced  mixer 
and  from  the  power  amplifier  at  the  transmitter,  e.g.  AM-PM 
conversion.  Therefore,  back-to-back  measurements  are  to  be  repeated 
whenever  components  within  the  set-up  have  been  replaced,  even 
after  variation  of  the  signal  input -level  at  the  power  amplifier.  This  is 
the  reason  why  the  power  amplifier  has  to  operate  during  back-to- 
back  measurements  at  the  output  power  to  be  adjusted  in  radio 
operation.  Good  shielding  between  transmitter  and  receiver  is 
necessary  to  avoid  spurious  interference  paths  in  back-to-back 
operation  which  falsifies  not  only  the  calibration  of  power  levels  but 
also  the  transfer  function  of  the  set-up.  The  latter  reduces  the 
dynamic  range  considerably.  For  pulse  shaping  a  cosine  filter  with 
roll-off  factor  of  y  =  I  has  been  chosen.  This  ensures  low  sidetobes 
of  the  IRs  and  also  approximates  the  GSM  spectrum  well  (Fig.l). 

Discrete  samples  of  the  complex  IR  are  computed  in  real  time  by  the 
signal  processor  of  RUSK  400  and  recorded  in  increments  of  1  its  at 
a  total  duration  of  T  =  127  ju.  Together  with  information  on 
vehicle  location  the  data  are  stored  on  the  hard  disk  of  a  vibration 
proof  PC.  A  maximum  repetition  r&te  of  22.86  ms  was  achieved.  A 
detailed  description  of  the  set-up  is  given  in  13,4]. 
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Bos«bond  fr»qmncy  in  kHz 


Ft*.  I  Cosine  $ktped  matter  feocftoa  of  fee  eh— d  Hwdcr  (soSd 
hoc)  awd  poorer  jpccxnrei  envelope  of  Ac  GSM-sysCeat  signtl 
(dsAed  Sine). 

Z3  Dynamic  range 

1^.2  shows  twpcxnipta  of  IRs  Measured  by  cocpcctiqgtfiaireiBcr 
and  recover  back  k>  bwck.  No  makipath  propagation  should  occur  in 
that  case  tod  Ac  shape  of  Ac  R  should  be  desemiacd  by  die  Fourier 
transform  of  the  come  filter.  The  receiver  input  power  levels  were 
-70  dBm  a ad  -90  dBm.  respectively.  Nevertheless,  spurious  signals 
occur  due  lo  qoutizatioo  distortions  of  the  digital  processing  and  due 
to  ooisc  in  the  analogue  components.  The  level  difference  between 
the  ra  inaxm  of  the  tR  and  the  highest  peak  of  the  noise  is  defined 
as  the  dynamic  range  of  the  receiver.  The  dynamic  range  is  a 
function  of  the  input  power  level.  In  K %3  mean  and  minimum 
djnaouc  raises  are  plotted  versus  input  power.  These  results  were 
gained  from  1,000  IRs  measured  at  each  input  level.  The  dotted  fine 
gives  the  average  dynamic  range.  The  continuous  curve  in  the  tr-  idle 
depicts  the  rnininiura  dynamic  range  gained  from  the  measured  l,u'l 
IRs.  The  lower  dash -dotted  fine  indicates  the  threshold  which  has 
been  chosen  for  further  evaluations  of  the  measured  IRs.  This 
threshold  is  indicated  by  the  dotted  line  in  Fig-2.  Signal  components 
below  are  set  to  zero. 


Fig.2  Examples  of  two  impulse  responses  at  high  and  low  power 

levels  of  the  received  signal. 


where  c  k  a  caEbmtion  comas  and  T  *=  127  its  is  the  period  of  the 
PNS.  As  decribed  »  section  2JZ,  tfae  R  h(r^c>  is  mnynled  by 
correlation  of  the  received  signal  with  the  rep&ca  of  the  PNS.  The 
mean  received  power  P/x)  cam  be  meaanreJ  by  a  tbcanal  pom xz 
meter  aveepng  he  received  modulated  RF  signal.  Hie  calibration 
constant  c  can  be  determined  from  P^x)  and  b(M)  by  back-to-back 
measurement  and  application  of  £q.(2).  This  procedure  ecablcs  us  to 
determine  by  RUSK  400  the  absolute  vabe  of  the  received  power. 


Rocaivad  powor  in  dBm 

Fig-3  Dynamic  range  of  the  channel  sounder 


A  key  objective  of  propagation  measurements  is  the  determination  of 
the  banc  transmission  lots 

L(x)  -10lg  Pt-lOlg  Pc  (x)  ♦lOlg  Gt*l01g  Gt  (3) 

where  Pt  is  the  transmitter  power  and  G,  and  Gt  are  the  isotropic 
gains  of  the  transmitter  and  receiver  antennas,  respectively.  For 
computing  L(x)  it  is  necessary  to  have  knowledge  of  G,  and  Gr  as 
accurate  as  possible.  The  antennas  for  the  measurement  should  be  the 
same  as  those  which  are  provided  by  the  mobile  radio  service. 
Therefore,  a  monopole  mounted  in  the  middle  of  the  car  roof  was 
used  for  the  nieasurcments.  The  gain  of  the  monopole  is  in  general 
lower  than  the  gain  valid  for  the  same  monopole  being  mounted  on  a 
very  Urge  flat  conducting  plane.  This  is  due  to  the  finite  extension  of 
the  roof  and  ila  vaulting.  The  determination  of  the  gain  was  done  by 
measurement  of  L(x)  on  a  fiat  lest  range  at  short  path  lengths. 


3.  CALIBRATION  OF  THE  PATH  LOSS 

In  the  following  we  describe  the  complex  IR  by  the  function  h(T,x) 
in  terms  of  excess  deity  r  at  location  x.  hTvasc  of  a  moving  vehicle 
care  must  me  taken  that  the  displacement  of  the  mobile  during  the 
measurement  of  h(r,x)  is  sufficiently  small.  The  measurement  of  one 
IR  :«sts  about  2T  =  254  fw,  the  double  of  the  period  of  the  PNS. 
The  local  variation  of  the  standing  wave  pattern  of  the  superimposed 
partial  waves  can  be  neglected  if  the  displacement  of  the  mobile 
within  the  lime  interval  2T  is  less  than  X/40.  Therefore,  the 
following  condition  must  be  met: 


A  measured  example  is  plotted  in  Fig .4  (oscillating  curve).  The  result 
was  compared  with  a  two-ray  model  considering  reflection  on  plane 
earth  characterized  by  its  dielectric  constant  «,  and  its  conductivity 
x.  Agreement  between  measurement  and  theory  was  improved  when 
the  reduction  of  the  power  density  of  the  reflected  rry  due  to  the 
roughness  Ah  of  the  earth’s  surface  was  taken  into  account  by  the 
experimental  specu'ar  reflection  coefficient  of  the  earth  \5).  The 
effective  antenna  gain  was  determinded  by  fitting  the  two  curves  by 
proper  selection  of  the  parameters.  This  process  was  performed  for 
several  different  base  station  antenna  heights.  The  experimental 
analysis  was  repeated  using  CW-measu remen!  equipment.  The  same 
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Path  length  In  meter 

Fig.4  Measured  and  Hoed  roo-pash  model  irassn^ssioo  loss  for 
dcurrcmuikm  of  the  actecna  gain  of  the  mobile  station. 
Parameters:  €t  =  4.  *  =10  mS/m  an £  Ab  =  0.1  m. 

4.  REMOTE  SENSING  BY  DOPPLER  ANALYSIS 

4. 1  Fundamentals  of  Doppler  analysis 

Doc  to  multipath  propagation  the  angles  of  arrival  at  the  mobile 

differ.  The  motion  of  the  mobile  causes  the  frequency  shift 

fd  -  (v/X)  cos  «  (4) 

where  v  is  the  velocity  ol  the  mobile,  X  is  the  wavelength  and  ct  is 
the  angle  of  arrival  of  the  wave  with  respect  to  the  direction  of 
motion.  The  maximum  of  the  Doppler  shift  is  (d-  ±  ±  v/X. 

However,  larger  frequency  shifts  may  happen  to  occur  due  to  moving 
scattered,  c.g.  other  vehicles  or  tree  branches.  For  evaluation  of 
Doppler  power  spectra  IRs  arc  to  be  recorded  within  sample  intervals 

At  <  1/(2  fdnwi)  -  X/  (2  v)  (5) 

to  fulfil  the  sampling  theorem.  The  displacement  of  the  mobile  during 
the  measurement  of  subsequent  complex  IRs  converts  the  !ocat*v» 

x(t)  -  v(t)  t  (6 

into  the  recording  lim4  t.  Wc  use  the  notation  h(r,t)  where  t  is  the 
excess  delay  and  t  is  the  time  when  the  IR  has  been  measured.  Thus, 
h(r.x)  converts  into  h(T,l).  The  assumption  that  an  IR  should  be 
measured  while  the  displacement  of  the  mobile  is  less  than  1/40 
means  that  t  can  be  regarded  to  be  constant  within  T  =  127  /is,  the 
maximum  duration  of  the  IR. 

To  fiilftl  the  sampling  theorem  according  to  Eqs.(5.6)  the  maximum 
local  distance  between  two  subsequently  measured  IRs  should  be  less 
than  Xf2.  The  maximum  repetition  rate  of  RUSK  400  is  22. 86  ms. 
This  results  in  a  maximum  speed 


This  condition  is  more  stringent  than  Eq.(l). 

The  sampling  of  the  spaciat  frequency  of  the  standing  wave  pattern 
becomes  periodic  for  constant  velocity  v  of  the  mobile  and  constant 
sampling  clock.  Then,  the  Doppler  shifts  can  be  calculated  by  Fourier 
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cMffex  Is  Hr***}-  Fosacrttawfeiaityiitsa  luygabcr 
N-»of«wbaiyii  arij'  ■raMrerfgs.Poclothelocal  vtriwift»of  Ac 
latriag  sad  Aidcwrlng  objects  ia  Ae  eawo— eat  of  Ac  Mobile 
ittlioa.  however,  t(rmAa)  does  not  rtprrical  a  niin—ry  ftfeical 
process.  This  is  became  Ae  wgfc  of  iacadcaee  c  of  Ac  partial  waves 
is  a  fraction  of  iocacjoo  x.  Hence,  m  varies  «A  t^.  Therefore.  Ae 
Doppler  Asft  ^  is,  according  lo  Eq.(4).  no  more  cocstatf  along  the 
measured  nm.  Fcaricr  transform.  bovntr,  umdo  coosm  Q.  This 
is  a  siriacent  argument  why  Ae  analysis  is  to  be  restricted  So  a  rather 
small  number  N  of  measured  IRs.  In  other  words,  short-term  Dcppler 
power  spectre  are  to  be  determined.  THs  reduces  the  resolution  of  Q. 
Depending  oa  the  size  of  seaaems  and  their  distance  So  the  mobile 
the  requirement  of  statioearity  may  be  violated  within  run  lengths  in 
the  order  of  10  meters.  At  900  MHz  this  results  in  a  run  length  of 
only  about  30  X. 

The  instantaneous  Doppler  shift  can  be  estimated  by  the  discrete 
delay-Doppler  transfer  function  {61 

H  <?..£,.)  g(Ca)  h(T..t,)  exp(-2xj  fd  n  At)  . 

w 

(8) 

g(y  is  an  appropiatly  chosen  windowing  fraction  to  reduce  the 
ridclobes  in  the  Doppler  frequency  domain.  For  practical  purposes  a 
cosine  window*  has  been  taken,  similar  to  the  cosine  filter  according 
to  Fig.l  ia  the  transfer  function  of  RUSK  400.  This  window  reduces 
the  first  sidclobes  of  the  DU  to  about  >30  dB  below  peak  level,  as 
depicted  in  the  upper  curve  of  Fig.2. 

The  avenge  delay  power  density  <S(T,fd)>  can  be  computed  by 
Fourier  transform  of  the  autocorrelation  function  of  the  IR.  It  can  be 
estimated  also  in  good  approximation  by  avenging  over  the 
magnitudes  square  of  instantaneous  delay-Doppler  transfer  functions: 

<S(T..fd  >  -^(ACFCMt^C)))  -  <lH(T.,fd)|J>  (9) 

where  &  denotes  the  Fourier  transform  and  ACF  the  autocorrelation 
function. 

The  following  restrictions  hold  for  determination  of  the  angles  of 
incidence  of  the  partial  waves  at  the  mobile  receiver: 

•  The  H  sampling  functions  cover  a  relatively  short  total 

time  interval  T7;=N  At.  The  FFT  results  in  N  sample  functions 

n).  The  Doppler  frequency  interval  between  two  adjacent 
spectral  samples  is  Afd=  1/(N  At). 

•  The  cosine  fcrvsion  (Eq.(4))  results  in  a  left-right  ambiguity  of  the 
angle  of  amval.  The  estimation  is  restricted  to  |a| : 

S(|a|)  -  8in(|«|)  *S(Cd)  (10) 

for  fd  ■  £a9mt  ’  cos* 

•  Because  of  the  nonlinear  relation  between  fd  and  a  the  samples  of 
a  are  not  equidistant.  For  |a|  *  0  and  |a|  *  *  the  resolution 
becomes  very  poor. 

4.2  General  restriction  of  the  resolution  of  the  delay- 
Doppler  power  spectra 

Restricted  bandwidth  B  of  the  channel  sounder  and  limited  number  N 
of  measured  sampling  functions  of  the  IRs  Mr^t,,  )  confine  the 
resolution  of  the  delay-Doppler  power  spectra: 

•  The  bandwidth  of  RUSK  400  is  limited  to  B  =  400  kHz.  The 
cosine  filter  (Fig.l)  reduce  the  zero-value  interval  of  the  IR  in 
time  domain  to  4/B  =  10  n*. 
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•  lb  toui  ldmal  of  &e  acowtd  cweaMe  is  confined  to  Tj|. 
The  EFT  yield*  N  spectral  fines  being  A^=  1/Tn  apart  from  each 
other.  The  larger  become*  *e  higher  is  *e  rtsokboe  of  *e 
Doppler  power  tpcdma.  The  cotaoc  window  gfl,)  >*  El -(I) 
ranks  is  a  2ero-vah»c  of  ie  Doppkr  frequencies  of  4/^. 
Therefore,  dure  adjacent  spectral  fines  arc  gc  me  rated  by  one 
received  partial  wave. 

Fig-S  shows  the  *ce8  of  rcaototioa'  achieved  by  Doppler  ana? jsis  of 
the  measured  OU. 


Fig .5  Resolution  of  the  Doppler  analysis  for  one  partial  wave 

depicting  the  'cell  of  resolution’  obtained  by  RUSK  400. 


4.3  Reliability  of  Doppler  power  spectrum  estimation 

A  special  model  of  the  Doppler  power  spectrum  was  first  described 
by  Jakes  17,8].  It  assumes  uniformly  distributed  angles  of  arrival  a 
|0...2t]  with  a  large  number  of  partial  waves  each  of  them 
transmitting  equal  power.  These  assumptions  result  in  the  Doppler 
power  spectrum 
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for  lfa|rfjMI.  (XI) 


Fading  simulators  have  been  developed  to  test  the  pcrfoimance  of 
mobile  radio  equipment.  One  of  the  important  specifications  of  the 
simulator  is  the  determination  of  the  Doppler  power  spectra.  The 
Jakes  model  was  one  of  several  Doppler  power  spectra  which  were 
specified  by  the  working  group  COST  207  (9J.  The  digital  frequency- 
selective  fading  simulator  DFS  6/15,  which  is  described  in  [10], 
approximates  the  Jakes  model  very  well.  The  stochastic  modulation 
in  the  fading  simulator  is  stationary  in  contrast  to  the  'real  world*. 
DFS  6/15  ha*  been  used  to  investigate  the  rciiablity  of  the  jx>wcr 
spectrum  estimation  by  measurements  with  RUSK  400  and  evaluation 
of  Eqs.  (8-JO).  The  total  time  interval  Tyj  was  chosen  such  that  at  the 
simulated  velocity  of  the  mobile  a  runlcngth  of  about  2.4  m  was 
recorded,  that  is  about  7  X  in  the  900-MHz  band.  Care  was  taken 
that  the  sampling  theorem  Eq.(7)  was  fulfilled.  The  results  are 
presented  in  Fig.6  where  S(|a|)  is  plotted  in  polar  diagram.  Because 
of  the  low  resolution  at  |a|  *  0  and  jaj  *  T  the  curves  are  not 
plotted  in  these  parti.  The  mirror  symmetry  of  the  continuous  and 
dotted  curves  indicate  the  left-right  ambiguity.  Ensembles  of  sufficient 
large  number  N  of  IRs  should  result  in  S(|a|)  -  const.  One  (K  =*  1) 
short-term  power  spectrum  (Fig. 6a)  or  averaging  over  two  (K  *=  2) 
power  spectra  (Fig.6b)  yields  no  good  csti.  ration.  Averaging  over 
K  =*  5  or  K  *  10  Doppler  power  spectra  /Fig.6c  and  d)  indicate 
good  estimation  of  Sflaj)  “  const.  Similar  results  were  gained  by 


application  of  Ike  ACF  on  only  one  bn  longer  lota!  time  imeml 
K-Tj,.  In  o*e~  word*.  Ac  refiabilky  of  catimtfion  of  the  Doppkr 
power  apectnun  is  cqcivakat  if  either  it  is  gained  by  averaging  over 
K  Doppler  power  apfctrt  composed  from  K  dtflerem  ensembles  of 
Hff each  of  them  having  the  total  interval  length  ^TI'  -or 
Eq.(9)  U  appSed  on  one  tujer  caaextMe  tuning  Ac  Wil  interval 
length  K  Tn. 


Fig.6  •  Eatimaticn  of  S(|a|)  bued  on  one  (K=I)  short-term 
Doppler  power  spectrum  Sffj). 


Fig.6  b  Estimation  of  S(|a|)  based  on  the  overage  <${|a|)> 
of  K“2  uncorwlated  Doppler  power  sfv.'ui  '-%)■ 


Esimoiion  of  S(|a()  based  on  the  avenge  <S({ct])>  Fig.f*  d  Estima'ion  of  S(|a|)  based  on  the  avenge  <S(ja|)> 
of  K=*5  uncorreUtcd  Doppler  power  spectra  S(Q.  of  K=I0  uncoprelated  Doppler  power  spectn  S(Q. 
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Map  of  the  area  in  Darmstadt  where  the  delay-Doppler 
power  spectrum  depicted  in  Fig.  7  was  measured.  The 
scattering  mountains  are  situated  in  the  sector  towards 
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In  mobile  radio  environment,  (be  instsdonsrity  of  the  fading  doe*  not 
allow  for  long  measured  runs  as  explained  above.  The  estimation  of 
angles  of  arrival  could  be  improved,  however,  if  identical  runs  were 
measured  several  limes  and  ibe  measured  ensembles  oZ  3U  bff^.tj 
were  uncorrelaled.  This  was  investigated  and  k  was  found  that  the 
correlation  between  different  measurements  taken  at  the  identical  run 
was  0.25  and  less.  Therefore,  a  reasonable  estimation  can  be 
achieved  by  averaging  S(r,|«|)  over  5  to  10  measurements  at  an 
identical  location. 

4.4  Results  determined  by  Doppler  analysis. 

An  example  measured  at  943  MHz  in  the  city  of  Darmstadt, 
Germany,  is  shown  in  Fig  .7.  The  base  station  height  was  50  m 
aboveground.  The  path  length  was 5  km  and  the  direct  path  was  not 


obstructed  by  terrain  oodulatioot.  Nevertheless,  at  the  location  of  the 
msbtle  station  direct  IDS  towards  the  base  station  was  obstructed  by 
bouses  of  a  residential  area.  In  toe  opposite  direction,  however,  there 
was  quite  a  good  view  towards  toe  north-eastern  slopes  of  toe  Oden- 
wald  mountains.  The  distance  mobile -slopes  was  about  3  to  4  km. 
This  results  in  an  excess  path  length  of  6  to  S  km  and  excess  delay 
of  20  to  27  |ts,  respectively.  These  values  are  varified  in  the  mean 
1R  shown  in  Hg.7.  Fig. 8  depicts  a  map  of  toe  area,  the  locations  of 
toe  base  and  toe  mobile  stations  and  direction  of  toe  motic  .  of  toe 
vehicle.  The  area  where  toe  acattering  occurs  can  be  estimated  from 
S(r,i«|).  In  spite  of  toe  left-right  ambiguity  C',.  actors  in  Fig.8 
doubtless  allow  for  allocation  of  the  scattering  slope,  because  toe  left* 
sector  is  situated  in  a  completely  flat  area. 
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Fig. 7  Delay-Doppler  power  spectrum  measured  at  the  edge  of  a  residential  area  in  the  city  of  Darmstadt,  Germany.  The  direct  path  was 
obstructed  by  houses  and  trees.  The  echoes  arc  caused  by  mountain  slopes  to  which  free  line  of  sight  existed  from  the  mobile  and  from 
the  base  station. 
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A  food  meant  foe  checking  tbe  cxcctt  pet  lengdi  cflapeee  «  a 
nicacuremem  in  Manebcam  where  the  direct  path  was  heavily 
obttiuded.  A  very  kite  facade  of  a  power  nation  Ranked  in  a  two- 
path  model  with  exceaa  delay  of  about  Ilfs  and  large  liable 
magnitude  of  tbe  acaoered  path.  A  directional  antenna  watnaed  at 


the  bate  atation  to  exclude  prominent  acatlereri  in  other  dncctiona  aa 
much  aa  poeaMe..Hf.9  abows  the  map  and  tbe  elEptca  auperim- 
poacd.  Thc  location  of  the  power  atation  between  tbe  northern  bank 
of  tbe  river  Rhine  and  ,  tbe  aoubern  part  of  tbe  dhpaea  it  verified 
rather  well. 


Fig.9  Map  of  the  area  of  Mannheim  where  the  direct  path  waa  heavily  obatructod  and  aeattering  at  the  facade  of  a  large  power  atation  waa 
predominant.  The  building  it  rituated  at  the  north  bank  of  the  Rhine  where  the  ellipae  runic  tangential  to  tha  river. 


Fig.  11  Map  of  the  area  where  the  meaiuremcnt  depicted  in  Fig.  10  wit  taken.  The  tcatterera  are  located  aomewhere  clote  to  the  ellipaea.  The 
direction  of  the  aeitterera  cannot  be  determined  because  of  aecondary  aeattering  in  the  vicinity  of  the  mobile. 
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Another  example  i*  depicted  in  Fig. 10  showing  the  evaluation  of  a 
measurement  which  «t  taken  in  the  induauial  harbor  area  of 
Mannheim,  Germany.  The  terrain  is  flat.  The  radio  frequency  waa 
943  MHz.  The  baae  nation  antenna  height  waa  30m  above  ground. 
The  pa'h  length  waa  3  km.  There  waa  free  LOS  from  the  baae  nation 
antenna  to  the  area  where  the  meaaurement  waa  taken,  however,  the 
path  waa  obniuclcd  by  2  to  4  x  high  induatrial  buildings  in  the 
vicinity  of  the  mobile.  The  location  where  the  meaaurement  waa 
performed  is  close  to  the  rivets  Rhine  mid  Neckar.  The  rivers  arid 
big  harbor  banns  allow  for  long  unobstructed  paths  to  large  stosie- 


beuaes  and  chemical  complexes  of  the  BASF  company,  oil  refineries 
and  power  stations.  Their  large  facades  cause  reasonable  reflections 
and  excess  delays  up  to  25  ga  were  observed,  i.e.  excess  path 
lengths  up  to  7.5  km.  However,  the  three -dimensional  plot  and  the 
contour  plot  in  Fig.  10  do  not  allow  for  estimation  of  the  angles 
towards  these  obstacles.  This  is  because  multiple  scattering  at  the 
relatively  small  facades  in  the  vicinity  of  the  mobile  modify  the 
angles  of  arrival  and  broaden  the  sectors  within  which  the  long-excess 
delay  penial  waves  would  be  received  if  there  were  no  obstructions 
close  to  the  mobile. 
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Fig.10  Deisy-Doppler  power  spectrum  measured  in  an  industrial  area  in  the  city  of  Mannheim,  Germany.  Hie  echoes  are  caused  by 

the  facades  of  large  industrial  complexes.  Secondary  scattering  at  small  facades  in  the  vicinity  of  the  mobile  modify  the  angles 
of  arrival  at  the  mobile. 
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4.5  Conclusions  for  application  of  RUSK  400  for 
remote  sensing  by  Doppler  analysis  in  mobile 
environment 

The  example*  have  demonstrated  that  scattering  i  »te  vicinity  of  the 
mobile  may  strongly  modify  the  angle*  or  aval.  The  Doppler 
analysis  ia  applicable  only  if  there  is  -.easonabie  free  LOS  from  the 
location  of  the  mobile  to  the  scattering  obstruction.  Then,  RUSK  400 
can  be  applied  for  the  quantitative  analysis  of  the  contributions  of 
scattcrers  to  multipath  propagation  in  mobile  radio. 

The  angle  of  arrival  cannot  be  determined  in  areas  where  the  direct 
LOS  to  the  scattering  objects  is  obstructed.  It  is  still  possible, 
however,  to  locate  these  obstructions  on  confocal  ellipses  because 
additional  excess  delays  due  to  multiple  scattering  in  the  vicinity  of 
the  mobile  can  be  neglected  compared  to  long  excess  delays  which 
are  resolved  by  RUSK  400.  Fig.  11  shows  the  map  of  the  harbor  of 
Mannheim  where  the  measurement  depicted  in  Fig.  10  was  performed. 
The  widths  of  the  ellipse  lines  indicate  the  magnitude  of  the  echoes. 
The  position  of  the  scattering  objects  can  be  found  somewhere  on  the 
ellipses. 


5.  Summary 

A  channel  sounder  called  RUSK  400  was  described.  It  is  capable  to 
record  complex  impul*  resonses  (IRs)  in  mobile  environment.  Thanks 
to  digital  signal  processing  RUSK  400  measures  IRs  with  large 
dynamic  range.  RUSK  400  has  been  calibrated  carefully  to  allow  for 
quantitative  analysis.  Doppler  analysis  of  the  measured  results  can  be 
performed  because  the  data  are  stored  rapidly,  and,  therefore,  the 
sampling  theorem  can  be  fulfilled.  For  determination  of  delays  the 
resolution  is  restricted  to  about  5  fit  because  of  the  small  bandwidth 
of  only  400  kHz.  Neverthcleas,  the  resolution  is  good  enough  to 
perform  propagation  measurements  with  the  goal  of  improving  of 
propagation  models  which  use  topographical  terrain  data  bases. 

The  determination  of  angles  of  arrival  is  restricted  due  to  the 
following  facts: 

•  Insist ionarity  of  multipath  fading  allows  for  the  estimation  of 
Doppler  power  spectra  only  for  short  run  lengths.  The  quality  of 
estimation  of  these  short-term  spectra  ia  poor.  However,  it  can  b* 
improved  considerably  by  averaging  over  5  to  10  power  spectra 
measured  subsequently  along  identical  nins.  It  turned  out  that  the 
individual  data  of  these  runs  are  almost  uncorrelated.  This  is  the 
reason  why  averaging  improved  the  results  considerably. 

•  The  nonlinear  relation  between  Doppler  shift  and  angle  of  arrival 
results  in  poor  quality  of  estimation  of  the  angle  of  arrival  in 
direction  of  motion  of  the  mobile. 

•  Doppler  shift  doe*  not  allow  for  diitiction  whether  the  estimated 
angle  of  arrival  with  respect  to  the  direction  of  motion  is  positive 
or  negative. 

The  shortcomings  of  poor  resolution  and  left-right  ambiguity  can  be 
overcome  if  it  is  possible  to  measure  complex  IRs  at  the  tame 
location  by  driving  in  different  directions. 

RUSK  400  will  be  used  for  quantitative  determination  of  magnitude* 
of  waves  scattered  by  terrain  slopes.  The  results  will  be  used  to 
improve  automatic  field-strength  prediction  methods  and  estimation 
the  delay  spread  caused  by  mountains. 


The  resolution  of  RUSK  400  is  too  small  for  determination  of  delay 
parameters  in  urban  microcell  environment  because  of  its  small 
bandwidth.  For  this  purpose  RUSK  5000  has  been  developed.  This 
new  device  is  based  on  the  same  concept  as  RUSK  400,  i  -  digits! 
signal  procuring  for  correlation  and  recording  of  complex  IRs.  The 
bandwidth  of  RUSK  5000,  however,  is  5  MHz.  This  yields  12.5 
times  better  resolution  of  delays  than  RUSK  400.  On  the  other  hand, 
the  amount  of  data  to  be  handeled  for  analysis  is  increased  by  the 
same  factor. 


REFERENCES 

[1J  de  Week,  J.-P.,  Ruprecht,J.:  Real-time  ML  estimation  of  very 
frequency-selective  multipith  channels.  IEEE  Global 

Communications  Conference  GLOBECOM’90  (1990).  San 
Diego,  USA. 

[2J  Lorenz,  R.W.  and  Kadcl,  G.:  Propagation  measurements  using 
«  digital  channel  sounder  matched  to  the  GSM-System 
bandwidth.  International  Conference  on  Communications 
ICC’91  (1991)  pp.  548-552. 

[3]  Hermann,  S.,  Martin,  U.,  Reng,  R.,  SchOssler,  H.W.  and 
Schwarz,  K.:  Ein  System  filr  Ausbreitungsmessungcn  in 
Mobilfunkkanalen  ■  Grundlagcn  und  Realisierung. 

Kleinheubacher  Berichte  (1990)  Vol.  34  pp.  615-624. 

[41  Hermann,  S.,  Martin,  U.,  Reng,  R.,  SchOssler,  H.W.  and 
Schwarz,  K.:  High  resolution  channel  measurement  for  mobil 
radio.  Conference  Proceeding*  EUSIPCO  90.  Barcelona  (1990) 
pp.  1903-1906. 

[5]  Beckmann, P.,  Spizzichino,  A.:  The  scattering  of  electromagnetic 
waves  from  rough  surface*.  Pcrgamon  Press  1963,  pp.  316- 
321. 

♦ 

|6J  P.rtons,  J.D.  and  Bajwa,  A.S.:  Widc-band  characterization  of 
fading  mobile  radio  channels.  IEE  Proc.  Pi.  F  Vol.  129  (1982) 
pp.  95-101. 

171  Jskea,  W.C.(Editor):  Microwave  mobile  communications.  John 
Wiley  (1974)  pp.  20-24. 

(8)  Jakes,  W.C.:  A  comparison  of  specific  space  diversity 
techniques  for  reduction  of  fist  fading  in  UHF  mobile  radio 
systems.  IEEE  Trans.  VT-20  (1971)  pp.  81-92. 

(9)  COST  207:  Digital  land  mobile  radio  communications.  Final 
Repon.  Published  by  the  Commission  of  the  European 
Communities  in  the  Series  on  Information  Technologici  and 
Sciences  (Bntssels  1989).  ISBN  92-825-9946-9.  pp.135-197. 

(10)  SchOssler,  H.W.,  Thielecke,  H.,  Preuss,  K.,  and  Gerken,  M.t 
A  digital  frequency-selective  fading  simulator.  Second  Nordic 
Seminar  on  Digital  Land  Mobile  Radio  Communication. 
Stockholm  (1986)  pp.  331-336. 


BASIC  EQUATIONS  OF  RADAR  POLAR IMETRY  AND  SOLUTIONS  THE  SENSING  OF 
PROPAGATION  PATH  POLARIZATION  STATE  CHANGES 


Wolfgang-Martin  Boerner,  Wei-Ling  Yan,  An-Qing  Xi 
University  of  Illinois  at  Chicago,  USA 
Department  of  Electrical  Engineering  &  Computer  Science 
Communications  &  Sensing  Laboratory 
UIC-EECS/CSL ,  M/C  154 
840  W.  Taylor  St.,  SEL-4210 
CHICAGO,  IL  60680-4348 

Yoshio  Yamaguchi 

Niigata  University,  Faculty  of  Engineering 
Department  of  information  &  Sensing  Engineering 
Radar  Sensing  and  Probing  Laboratory 
Ikarashi  2-8050,  Niigata-Shi  950-21,  JAPAN 


Summary:  Basic  principles  of  radar 
polarimetry  are  introduced.  The  target 
characteristic  polarization  state  theory  is 
developed  first  for  the  coh»  'ent  case  using 
the  three  step,  the  basis  tti ooformation , 
and  the  power  (Mueller)  matrix  *?timization 
procedures.  Kennaugh's  and  Huyner.'s 
theories  of  radar  target  polarimetry  are 
verified  for  the  monostatic  reciprocal 
case.  It  is  shown  that  there  exist  in 
total  five  unique  pairs  of  characteristic 
polarization  states  for  the  symmetric 
scattering  matrix  of  which  the  two  pairs, 
the  cross-polarization  null  and  co-polari¬ 
zation  max  pairs  are  identical;  whereas, 
the  cross-pol  max  and  the  cross-pol  saddle- 
point  pairs  are  distinct.  These  throe  pairs 
of  orthogonal  characteristic  states  are 
also  mutually  orthogonal  on  the  polariza¬ 
tion  sphere.  The  fifth  pair,  the  co-pol 
null  pair  lies  in  the  plane  spanned  by  the 
co-pol  max/-cross-pol  null  and  the  cross- 
pol  max  pairs  which  determines  the  target 
characteristic  circle  on  the  polarization 
sphere  reestablishing  Huynen's  "polariza¬ 
tion  fork"  concept.  The  theory  is  verified 
by  an  example  for  which  next  to  the  polari¬ 
zation  fork  also  the  copolarized  and  cross- 
polarized  power  density  plots  are  presen¬ 
ted.  In  a  next  step,  the  partially 
polarized  case  for  completely  polarized 
wave  incidence  is  presented  and  compared 
with  the  results  for  the  coherent  and  the 
artialiy  coherent  cases,  the  latter  still 
eing  unresolved. 

1.  introduction 

The  basic  principle  of  radar  polarimetry  is 
based  on  the  concept  of  characteristic 
polarization  states  first  introduced  by 
Kennaugh  (1),  who  demonstrated  that  there 
exist  radar  polarization  states  for  which 
the  radar  receives  minimura/raaximum  power. 
This  min/max  polarization  state  theory  was 
extended  primarily  by  Huynen  (2],  who 
introduced  the  “polarization  fork"  concept, 
and  more  recently  by  us  (3-9).  With  the 
advent  of  dual  polarization  coherent  radar 
(10)  and  Pol-SAR  (11)  systems,  radar  polar¬ 
imetry  has  become  a  subject  of  recurring 
and  globally  intensifying  interest  in 
recent  years  (12-14).  Inspite  of  extensive 
studies  of  this  theory,  a  final  rigorous 
and  complete  formulation  still  is  warrant¬ 
ed.  Different  approaches  were  introduced 
for  determining  these  characteristic 
polarization  states  by  using  the  voltage 


equation  (1),  the  eigenvalue  problem  of  the 
power  scattering  matrix  (2,4),  the  unitary 
transformation  techniques  (3,6,7),  the 
three-step  procedure  (3,5),  and  the  Mueller 
matrix  approach  for  the  "degenerate  cohe¬ 
rent  Stokes  vector  case"  (8,9).  All  of 
these  methods  are  compared  and  it  is  shown 
how  each  of  them  contributes  partially  for 
a  complete  understanding,  although  more 
approaches  may  still  be  required  for  com¬ 
pletely  resolving  all  unanswered  questions 
for  the  coherent  case,  for  example,  such  as 
recently  presented  in  (15).  Whereas,  a 
unique  optimization  method  for  the  general 
partially  coherent  case  still  does  not 
exist,  considerable  progress  was  made  in 
determining  an  optimization  approach  for 
the  partially  polarized  case  (8,16)  for 
which  it  is  assumed  that  the  wave  incident 
on  a  vibrating  scatterer  is  completely 
polarized.  However,  it  is  noted  that  there 
exist  physical  realizability  conditions  to 
which  the  elements  of  the  4x4  Mueller 
matrices  are  subjected  in  order  to  identify 
erroneous  measurement  results  such  as  of 
scattered  waves  with  degree  of  polarization 
greater  than  unity  (171  which  apply,  in 
general,  also  in  the  partially  polarized 
case. 

This  paper  is  concluded  by  identifying  the 
useful  application  of  these  basic  princi¬ 
ples  of  radar  polarimetry  to  practical 
problems  in  ultra-wideband  polarimetric 
impulsive  radar  target  imaging  (181;  to 
high  resolution  air/-space-borne  POL-SAR 
imaging  (19,20)  or  in  polarimetric  matched 
filtering  (20,21). 

2.  Optimal  or  Characteristic  Polarization 
states  for  the  Coherent  Case 

The  "Optimal  Polarization  State”  problem  is 
to  find  such  polarization  states  of  the 
transmitted  and  received  waves  for  a  target 
of  known  scattering  matrix  (S),  that  the 
voltage  developed  across  the  receiving 
antenna  terminals  is  maximized  (or 
minimized) . 


2.1  The  three-step  optimization  approach 

This  method  enables  one  to  treat  symmetric, 
asymmetric,  monostatic  and  bistatic  cases 
in  an  identical  manner  (18)  as  was  first 
considered  in  (5). 
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Step  1 

The  total  energy  density  Pw  in  the 
scattered  wave  (22,23,24,251  is  given  by 

pw  '  %%  -  ( ls)ST)+(s)ST 

-  2„+[S]+[S)2„  -  2_+lG)2T  t 


where  2g  and  2T  are  the  scattered  and 

transmitted  waves,  and  the  superscript  (.+) 
denotes  the  conjugate  and  transpose,  i.e., 

(.+)-(.*)T. 

We  need  to  find  such  an  2T  for  which  Pw  is 

an  extremum  for  a  given  [SI.  It  translates 
into  the  following  eigenvalue  problem: 

*G’^T,OPT  ’  X^T,OPT  (2> 

with  the  solution 

Xl,2  "  %  t  Tc  ( tG)  J  +  JlrMIGll  -  4det((Gl) 

The  eigenvalues  and  are  real 

because  the  power  scattering  matrix  (G)  is 
hermitlan  which  agrees  with  their  physical 
interpretation  as  power.  The  eigenvector 

ST  0pT  is  the  polarization  state  of  a 

transmitter  so  that  the  power  In  the 
scattered  wave  is  maximized. 


Compute  this  scattered  wave  by  using  the 
known  scattering  matrix  [Si  and  ET0PT 

^S,OPT  "  (S,^T,OPT  <3) 

so  that  the  scattered  polarization  state 
2S  0pT,  associated  with  the  optimal  trans¬ 
mitting  polarization  state  2,,  nPT,  is  com¬ 
pletely  specified.  ' 

Step  3 

In  order  to  ensure  polarization  match  i.e., 
to  receive  all  of  che  power  contained  in 
the  scattered  wave,  one  must  adjust  the 
receiver  polarization  state,  which  results 
in 

rt  .OPT  USl^T.OPT* 


This  polarization  match  (4)  completes  the 
three-step  optimization  process.  Note,  by 
using  the  "three  step  procedure”,  we  can 
obtain  the  maximum  polarization  state  for 
optimal  reception,  i.e.,  for  satisfying  the 
condition  of  the  matched  two-antenna  case, 
but  we  cannot  determine  the  other  pairs  of 
additionally  existing  characteristic  polar¬ 
ization  states,  which  will  be  derived  next. 

2.2  The  critical  point  method  [71 

This  method  using  the  polarization  basis 
transformation  formulation  can  determine 
all  existing  characteristic  states  for 
which  the  radar  receiver  obtains  maximum/ 
minimum  power  backscattered  from  the 
targets  and  for  which  optimal  polarization 
phase  (S)  instabilities  may  occur.  In  our 


case,  the  power  expression  can  be  written 
as 

p  -  |v|2  -  |S*[s]2t|2  -  |2'T[s')2j,|2  (5) 

where  '  represents  reference  to  any  new 
basis  (AB)  which  is  obtained  after  unitary 
transformation  from  the  original  basis 
[HV).  For  the  co-pol  channel,  the  co- 
polarizeu  power  Pc  can  be  calculatea  i.t 

2r  -  2t  -  2  and  2,{,  -  2'  as 

Pc  -  |vc|2  -  |2T(s)2|2  -  |2* T[ s' ]2' |2  (6) 

Similarly,  the  cross-polarized  power  Px 
can  be  calculated  for  2R  2^  -  2j_  and  2R  * 

2’y  -  2^  with  ( ,J->  denoting  the  orthogonal 
vector  as 

px  -  lvxl2  -  |2ilS)I|2  -  |2xT|s' )2’ |2  (7) 

In  mathematics,  the  maximum  and  minimum  of 
a  function  can  be  found  at  the  critical 
points  of  the  function.  Here  we  apply  the 
critical  point  method  to  the  power  func¬ 
tions  (6)  and  (7).  A  more  direct  way  of 
doing  so  is  by  diagnonalizing  the  scatter¬ 
ing  matrix  [SI  in  functions  ( t> )  and  (7)  by 
implementing  the  unitary  transformation, 
i.e.,  let 


(S'<AB) ] 


monostatic  scattering  case. 

To  diagonalize  the  scattering  matrix 
(S'(AB)l,  we  let  S^B  -  0  and  find  the 

diagonalizing  factor  p12  aS! 


-B  ±  -I B*  -  4 AC 

c 1,2  ‘  2S  ‘ 

*  * 

where  A  -  SHHSHV  +  SHVSVV’ 


Therefore,  che  scattering  matrix  is  In 
diagonal  form 


•  t 

AA 

sab]  . 

[u]t[Shh 

SHV' 

!ba 

SBB 

SVH 

SVV 

5vh 

and  SAB 

*  SBA  £0C 

the 

SAA  0 


[S'  (AB)  )  -  I  I  -  P1  I  -  IV 

to  S4J  to  x2J  [ioi 

with 

X1  “  saa(pi>  “  (1  +  pipi'"1 

2  23*1  h  I  j*l 

<S»H  +  2plSHV  +  plSVV>e  "  |Xl|e  l 

,,  *.-l  (lla) 

X2  “  SBB<pl)  ”  (1  +  P1P1) 

2j^,  j^2 

<p12sHH  '  2plSHV  +  *w,e  ”  *X2le 

[  lib) 

The  function  of  the  power  return  to  the 
co-poi  and  cross-pol  channels  of  the 


receiver  are  determined  Era  Che  bilinear 
fora  (5)  to  be cone: 

(i)  For  the  function  of  the  pover  returned 
to  the  cross-pol  channel  (E^  -  E_) 

*x  -  |VX|2  -  |h'I  (SdJh'|2 

-  (1  +  p'p'*)“2{|X1|2?'e'*  -  XjX^p'*2 


\\\2y2  *  |x2|2 


p'p'  )» 


<121 


where  p'  is  the  polarization  ratio  of  the 
transceiver  in  the  new  basis.  The  critical 
points  are  sose  p's  with  which  the  first 
derivative  of  Pv  with  respect  to  p'  and  o'* 
vanishes.  These  critical  points  found  in 
fur.c-ion  P_  are: 


xnl 


Pi 


xn2 


Pi 


xnl ,  2 


Pi 


xsl ,  2 


lx*x2J 


j(2v+s/2) 


„i2v 


(13a) 

(13b) 

(13c) 


to  the  co-pol  channel  (2 


eT» 


Pc  - 


I2  «  |h'TISdlh'|: 


-  (1  +  p'p'V2(  |X2|2  +  XjX'p'*2 

+  XfX2p'2  +  |X2|2p'2p'*2), 

tne  critical  points  are  determined  from 
(14)  are 


(14) 


Pi 


cml 


"xnl 


“xn2 


0, 


(15a, b) 


p' 


cnl,2 


♦  f.  ill .  + 

'  xj  ■  l|X,|J 


lxi‘ I  „  j ( 2v+s/2 ) 


(15c) 


Note  that  the  following  conditions  are 
satisfied 


e=ni  pxn2 

-1 

(ISa) 

p'xml  °xx2  - 

_i 

(16b) 

o'  o'*  - 

p  xsl  pxs2 

-1 

(ISO 

that  means  o' 

xml'  p*  xa2 

are  orthogonal  and 

t  m 

so  are  e'xsl 

and  o'xs2. 

pxnl  and  pxn2‘ 

X-POL  Null  and  CO-POL  Maximum  states 

It  can  be  shown  for  the  aonostatic  recipro¬ 
cal  case  that  the  X-POL  Nulls  and  the  CO- 
POL  Maxima  are  identical  as  shown  in  (15a, 
b).  The  power  return  to  the  cross/co-pol 
channels  are 


Px*  pxnl 


>  -  Px‘pin2> 


Pc(pcal>  -  lXll 

|x,l2 


C  COd. 


(17a) 

(17b) 

(17c) 


CO- POL  Nulls,  X-POL  Maxima  and  X-POL 
Saddles 

(13d)  The  p^Bl  2  of  (13c)  are  the  cross-pol 


(ii)  For  the  function  of  the  power  returned 


maxima  and  p£sj  2  of  (13d)  the  cross-pol 
saddles.  The  corresponding  power  returns 
to  the  receiver  of  the  cross/co-pol 


channels  are: 

Px<piml,2>  ■  1/41 iXlI  *  iX2i>2 

V’ial,2>  -  V4‘lXll  *  lX2l>2 

Px<pisl,2>  "  ^(Ujl  '  |X2|)2 

Pc!pisl,2>  ’  »^«lxll  *  lX2l>2 

The  p^nl  2  of  (15c)  are  the  co-pol  nulls, 

because  the  power  returned  to  the  co-pel 
channel  becomes  zero,  i.e.. 


(18a) 

(18b) 

(180 

(18d) 


Pc,0cnl,2) 


(19 


In  Table  1  and  Figs,  la/b,  the  theory  is 
verified  by  an  example  for  which  a 
symmetric  scattering  matrix  of  the  form 

( S ( HV )  J  -  ^2|  was  used,  also  used  in 

(5,6),  is  presented. 


TABLE  1:  Results  of  critical  point  method  for  the  example  of  (S)  -  **-j] 


new  basls(AB) 

old 

basis! HV) 

— 

p' 

0  ..  . 

9 

power 

Ip] 

5° 

IpI 

S» 

90 

9i 

?2 

93 

Px 

Pc 

°>nl 

0 

arb. 

0.4142 

90.0 

1.0000 

0.7071 

0.0000 

0.7071 

0 

4.871 

pxn2 

CD 

arb. 

2.4142 

-90.0 

1.0000 

-0.7071 

0.0000 

-0.7071 

0 

0.629 

pxml 

1.0000 

90.0 

1.0000 

0.0 

1.0000 

0.0000 

1.0000 

0.0000 

2.25 

0.50 

pxra2 

1.0000 

-90.0 

1.0000 

180.0 

1.0000 

0.0000 

-1.0000 

0.0000 

2.25 

0.50 

pxsl 

1.0000 

0.0 

0.4142 

-90.0 

1.0000 

0.7071 

0.0000 

-0.7071 

0.50 

2.25 

pxs2 

1.0000 

-180.0 

2.4142 

90.0 

1.0000 

-0.7071 

0.0000 

>“< 

0 

r» 

0 

0.50 

2.25 

pcnl 

1.6684 

-90.0 

1.4142 

-159.2 

1.0000 

-0.3333 

-0.8819 

-0.3333 

1.75 

0 

pcn2 

1.6684 

90.0 

1.  ,142 

-20.7 

1.0000 

-0.3333 

0.8819 

-0.3333 

1.75 

0 
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Fig.  la  The  characteristic  polarization 
states  cn  the  Poincare  sphere  of 

55??»i,fSJ£fsr,agttfc!i« new 

aatrix  IS1  ”  [2j _  °:3]  with  the 

characteristic  polarization 
ratios: 

pinl  "  °cul  '  °'  <Xl’'  pxn2  '  pcn2  ”  “ 


2.3  Optimization  approach  using  Stokes 

vector  and  Stokes  reflection  matrices 
formnlisa  with  ex*  -ole  (8,9) 

Using  the  Lagrange  enltiplier  method 
applied  to  the  received  power  expressed  in 
terms  of  the  Stokes  reflection  matrices 
[Scl.  [Hxl  and  tH2l,  respectively;  this 

method  enables  one  to  obtain  characteristic 

polarization  states  for  the  symmetric 
(reciprocal),  asymmetric  (unreciprocal), 
aonostatic  and  bistatic  cases. 

Coherent  one-antenna  case 

For  the  coherent  one-transceiver-anter.na 
case  (monostatic),  we  can  derive  the 
received  power  separately  for  the  co-pol 
channel  and  the  x-pol  channel, 
respectively,  as  follows  [8,9) 

?c  -  lS£[S3lT|2  -  g'[Sc)gT/||gTll  (20a) 

where  ||-||  indicates  the  nora,  with  the 
Stokes  reflection  aatrix  l Hi  of  the  co-pol 
channel  given  by:  c 

[«cl  -  {[A)‘1)T[[S)*[S]*)[A)'1  -  (C)[M) 

(20b) 


(X21,  pxml,2  “  ±3  ,S1'S2K  pxsl,2 


lTl-T2>-  pcnl,2  -  -1-®68!  (^.Cj). 


±1 


where  [ K ]  is  the  Kueller  matrix; 


px  -  |H?xIS)^|2 


gjlBx)gT/ll9Tl| 


(21a) 


where  the  symbols  •  and  denote  the 
Kronecker  product  (26)  and  the  orthogonal 
channel,  and  the  stokes  reflection  natrix 
[R  )  of  the  cross-pol  channels  is  given  by 


•V 


C |A1-1)t 


0 

-1 

0 

0 


0 

0 

-1 

0 


[A)_1  -  [XJ(H] 


where 


ICJ 


10  0  0 
0  10  0 

0  0  10 

0  0  0  -1 


[X) 


usieisi  )j 

(21b) 


10  0  0 
0-100 
0  0-10 
0  0  0  1 


Coherent  two-antenna  case 


Fig.  lb  The  characteristic  polarization 
states  on  the  Poincare  sphere 
referenced  to  the  old  basis  (HV) 
for  the  scattering  aatrix  (s^l  of 

the  sane  Example  with  the  charac¬ 
teristic  polarization  ratios: 


pxnl  ' 

pcml  ■  °’414  ej9°° 

(Xj), 

pxnl 

pcm2  -  e'j9°° 

(X2), 

pxml , 2 

*  *  1  <VS2>’  ex£l 

-  0.414  e_3"° 

(Tj), 

pxs2  _ 

2.414  e^90’  (T2), 

pcnl 

1.414  e_^159°  (C1), 

pcn2 

1.414  e"320-7'  (c2) 

and  the  geonctric  parameters: 


v  -  0.0,  r  -  30.9,  6-90.0,  0-22.5,  ♦ 
a  a  '  r 

-  0.0,  Tm  -  22.5 


For  the  case  that  one  antenna  system  serves 
as  a  transmitter  and  the  other  as  the 
receiver  (coherent  bi-static)  including 
slightly  bi-static  (monostatic  separated 
antennas),  the  optimum  received  power  P, 
using  the  matching  condition 

fiR  -  S*/||2sl|  (22) 

is  given  by: 

P2  ”  9?[«2)5t  *  (23a> 

where 


[«2J  -  CMc)  +  |RX) 


10  0  0 
0  0  0  0 
0  0  0  0 
.0  0  0  0 


(H) 

(23b) 


For  simplicity,  we ^always  choose  the 
transmitting  wave  gT  as  a  normalized, 

completely  polarized  wave;  i.e.,  the 

components  of  g_  satisfy  the  following 
constraint  1 
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f  ' 


3. 


Optimal  Polarization  States  for  the 
Partially  Polarized  Case 


Consider  a  time-dependent  scatterer  which 
is  illuminated  by  a  monochromatic 
(completely  polarized)  wave  ET,  for  which 

the  reflected  wave  is,  in  general,  non- 

monochromatic;  and  therefore,  partially 
polarized.  Consequently,  the  Stokes  vector 
and  Mueller  matrix  formulism  will  be 
employed.  The  following  optimization 
criteria  result  for  the  scattered  energy 
density  arriving  at  the  receiver,  which  nay 
be  separated  into  four  categories  (1): 


9S0 

P9S0 

(1  -  P)9e 


Total  energy  density  in  the 
scattered  wave  before  it 
reaches  the  receiver;  (27a) 

Completely  polarized  part  of 
the  intensity;  (27b) 


The  unpolarized  part; 


(1  +  p)9SL/2  Maximum  of  the  total 
'  receptable  intensity. 


(27c) 
( 27d ) 


There  are  three  types  of  energy  density 
terms,  next  to  the  total  energy  density 
gSQ,  that  can  be  optimized  according  to 

(27b,  27c,  27d). 


-  Then,  the  straightforward  solutions 
for  the  gTi(/»)  are  three  functions  of  jj . 
Substituting  9T£(/»).  (i  -  1,  2,  3)  into  the 

constraint  condition  of  (25)  leads  to  a 
sixth-order  polynomial  equation  of  //.  For 
each  II  value,  we  calculate  gT1,  gT2,  gTj, 

and  P9sq  according  to  the  formula  in  (31). 
The  largest  (or  smallest)  intensity  is  the 

optimal  intensity,  the  corresponding  3_  is 
the  optimal  polarization  state  of  the 
transmitted  wave. 

3.2  Minimizing  the  noise-like  energy 
density  term:  (l-p)gs(J 

An  unpolarized  wave  can  always  be  represen¬ 
ted  by  an  incoherent  sum  of  any  two  ortho¬ 
gonal  completely  polarized  waves  of  equal 
intensity  [9],  which  leads  to  a  50*  effi¬ 
ciency  for  the  reception  of  the  unpolarized 
wave.  He  would  like  to  minimize  the  noise¬ 
like  energy  sc  that  as  much  energy  as  poss¬ 
ible  nay  be  received.  The  total  energy 
density  of  the  unpolarized  part  of  the 
scattered  wave  is  given  by: 

(1  -  p)gs0  -  9S0  -  P9S0 


3.1 


intensity  pgs„ 


3 

3 

3  ) 

the  adjustable 

Vo  "0j  ?Tj  " 

£ 

i-1 

j-0  "i3  9t3J 

The  energy  density  P9S0,  contained  in  the 

completely  polarized  part,  is  called  the 
adjustable  intensity  because  one  may  adjust 
the  polarization  state  of  the  receiver  to 
ensure  the  po.arization  match.  We  can 
rewrite  the  scattering  process  index 
notation  as  (16,18): 


9Si 


jio  "li  9t5 


(28a) 


where  j  -  0,  1,  2,  3.  The  adjustable 
intensity  P9sg  has  the  following  property: 


3  i'15  T  3  f  3 

P9s0  “  U-l  9si  '  U-llj-0  Mi39T3 


(32) 


Hitherto,  no  simple  way  was  found  giving 
the  analytic  closed  form  solution  for  the 
minimum  solution,  instead,  computer 
numerical  analysis  must  be  used. 

3.3  Maximizing  the  receivable  intensity  in 
the  scattered  wave:  1/2(1  +  p)gsp 

The  total  receivable  energy  density 
consists  of  two  parts:  100%  reception 
efficiency  for  the  completely  polarized 
part  of  the  scattered  wave  and  50% 
reception  efficiency  for  the  unpolarized 
part.  We  may  write  the  following 
expression  for  the  total  receivable 
intensity: 


(29)  1/2{1  +  p)gsQ  -  pgsQ  +  1/2(1  -  p)g. 


SO 


where  9Tj.s  are  the  elements  of  the  Stokes 
vector  of  the  transmiftina  wave.  The 
partial  derivative  of  (pgsp)2  with  respect 
to  gTk  can  be  derived  as: 

8<P9so>2  3  39si2 


-  *  1 
3-0 


2  ilr,  H0j  9Tj  +  2 


f  3  3 

£  £  «ii  gTi 

U-i  j-o  13  13 


(33) 


3g 


Tk 


3 

-  £ 

i-1 


3 

2  £ 


39Tk 

3 


3 

-21 

i-1 


,  ,  *  Hij  Mik  9Tj 

l-l  j-0  J  J 


(30) 


For  optimizing  the  adjustable  intensity,  we 
apply  the  method  of  Lagrangian  multipliers, 
which  yields 


Also,  this  equation  can  only  be  solved 
using  numerical  analysis. 

3.4  Numerical  example 

Consider  the  following  Mueller  matrix, 
which  corresponds  to  experimental  data 
taken  for  a  combined  collimator-radiometer 
system  (7). 


8«P9S0> 

3gTK 


34 

39Tk 


3  3 

2  £  £  Mil  «lk9T, 

i-1  j-0  13  lK  T3 


-  n  gTk 


(31) 


(34) 


where  4  is  the  constraint  equation  of  (25). 
Equation  (31)  is  a  set  of  inhomogeneous 
linear  equations  in  g T1(«),  gT2(/')  and 


The  polarization  states  g (//)  and  its 
intensities,  are  displayed  in  Table  2  and 
illustrated  in  Fig.  3. 


0.7599 

-0.0623 

0.0295 

0.1185' 

-0.0573 

0.4687 

-0.1811 

-0.1863 

0.0384 

-0.1714 

a. 5394 

0.0282 

\ 

J 

.  0.1240 

-0.2168 

-0.0120 

0.6603. 

i 

I 
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Fig. 3  Polarization  dependence  of  the 

adjustable  intensity  in  terns  of  the 
tilt  and  ellipticity  angles. 

The  noise-like  energy  (1  -  P)9S0  was 

minimized  and  the  receivable  intensity  -{1 
+  P)9sg  was  maximized  by  numerical  analysis 

as  shown  in  Table  3. 

Interpretation  and  Compairson  of  Results 

We  have  demonstrated  that  there  exist 
several  different  approaches  for  determin¬ 
ing  the  optimal  polarization  states  in 
radar  polarimetry.  For  the  coherent  case, 
the  basis  transformation  method  (6,71  of 
Section  2.2  is  the  most  complete  one  for 
determining  the  characteristic  polarization 
states  of  the  given  2x2 
Sinclair  matrix  (S(A,B)],  whereas,  the 
Lagrangian  multiplier  method  using  the  4x4 

Stoke  reflection  matrices  (ficl,  (Mx)  and 
(M^l  is  most  suitable  for  determining  the 


optimal  polarization  states  of  the  given 
target  as  is  shown  in  Section  2.3  and 
verified  for  one  example.  It  is,  thus, 
shown  and  proven  that-Xennaugh's  target 
characteristic  operator  theory  of  the 
coherent  case  is  correct  and  Huynen's 
polarization  fork  concept  is  valid  in  the 
coherent  case.  For  the  partially  coherent 
case;  no  complete  optimization  procedures 
for  determining  the'optimum  polarization 
states  yet  exists;  however,  in  Section  3, 
it  was  shown  that  for  the  partially 
polarized  case,  for  which  the  wave  incident 
on  the  scatterer  is  completely  polarized,  a 
solution  can  be  found.  In  all  of  the  cases 
investigated,  it  was  demonstrated  that, 
also  for  the  partially  polarized  case, 
there  exist  five  pairs  of  characteristic 
polarization  states  (16);  however,  whereas, 
for  the  coherent  case  (p  -  1)  the  absolute 
(normalized)  power  maximum  at  the  co-pol 
max  (pcnl)  and  co-pol  null  ( Pcnl  2* 

locations,  respectively  becomes 


,  )/m2  - 


max* "cml 
c  . 

cnl ,2  1 pcnl,2 


,  )/m 


( 3Sa ) 
(35b) 


we  find  that  for  the  partially  polarized 
case  (0  >  p  >  1)  the  maximum  normalized 
value  will  always  be  reduced  by  (1  -  p)/2 
and  the  achievable  minimal  normalized  power 
can  never  be  less  then  (1  -  p)/2,  and  that 
according  to  (27d)  for  the  completely 
unpolarized  case  (p  »  0),  the  minimal  and 
maximal  achievable  normalized  powers  become 
equal  and  in  the  limit  approach  by  gSQ  * 

.5;  i.e.,  the  power  density  plot  is  flat  in 
the  extreme  unpolarized  case  as  illustrated 
in  Fig.  4. 


Thus,  from  the  comparison  of  our  results, 
we  conclude  that  the  optimal  polarization 
state  theory  will  also  be  highly  useful  for 
treating  the  partially  dual  polarization 
radar  reception  problem.  In  extension  of 
previous  results  it  was  found  that  there 
exist  eight  distinct  characteristic  polari¬ 
zation  states  for  the  symmetric  matrix 
case,  the  three  pairs  of  orthogonal  pairs 
whose  diameters  are  mutually  orthogonal  on 


Table  2.  Roots,  intensities  and  Stokes  vectors  for  the  characteristic 
polarization  states  of  the  adjustable  intensity  optimization 


Root  Number 

Root  // 

Intensity  pgs0 

9T0 

9T1 

9T2 

9x3 

1 

0.6019 

0.9677 

1 

-0.5807 

0.3378 

0.7408 

2 

0.5739 

0.6942 

1 

0.6134 

-0.4203 

-0.6686 

3 

0.3548 

0.5923 

0.997 

0.3894 

-0.8702 

0.2918 

4 

0.3170 

0.5342 

1 

0.0221 

0.6619 

-0.7492 

S 

0.0734 

0.2776 

1.006 

0.8710 

0.4486 

0.2301 

6 

0.0633 

0.2404 

1.009 

-0.6812 

-0.4777 

-0.5707 

TABLE  3.  The  intensities  and  the  Stokes  vectors  of  the  optimal 

polarization  states  of  the  different  types  of  energy  density 


Method 

Intensity 

9T0 

gTi 

gT2 

9T3 

Maximum  of  P9gg 

0.9677 

1 

-0.5807 

0.3375 

0.7408 

Minimum  of  (1  -  p)gg0 

-0.07 

1 

-0.6108 

0.3893 

0.6894 

Maximum  of  4(1  +  p)gsg 

0.9311 

1 

-0.5602 

0.3090 

0.7686 

35-S 


Fig.  4  Dependence  o£  received  power  density  plots  on  degree  of  polarization  p: 


(a)  p  -  1,  (b)  p  -  .8,  and  ( 

the  polarization  sphere:  the  x-pol  null 
pair  (identical  to  co-pol  max  pair),  the  x- 
pol  max  pair  and  the  x-pol  saddle  (turning 
point)  pair.  In  addition,  there  exists  a 
pair  of  co-pol  nulls  lying  in  the  plane 
span-.ed  by  the  x-pol-null  and  the  x-pol  max 
pairs,  the  target  characteristic  plane  with 
the  line  (diameter)  joining  the  two  x-pol 
nulls  bisecting  the  angle  between  the  two 
co-pol  nulls  on  this  target  characteristic 
circle.  As  a  result  of  these  unique  polari¬ 
zation  fork  properties,  one  can  show  that 
once  the  two  co-pol  nulls  have  been  found, 
the  entire  polarization  fork  can  be 
recovered;  i.e.,  for  the  description  of  a 
radar  target  we  require  the  specification 
of  two  distinct  points  on  the  polarization 
sphere,  whereas,  only  one  for  the  descrip¬ 
tion  of  a  completely  polarized  wave.  In 
particular,  our  polarization  transformation 
ratio  p  formulation  is  in  complete  agree¬ 
ment  with  Huynen's  formulation  and  shows, 
given  a  measured  matrix  IS),  that  the 
Huynen  target  characteistic  parameters  m, 

v,  y,  &  and  a.  can  be  uniquely 
m  m  ra  ’ 

determined;  or  inversely,  given  these  para¬ 
meters  the  scattering  matrix  (S)  can  be 
uniquely  reconstructed  (7).  Hence,  the 
resulting  Huynen  fork  concept  represents  a 
unique  example  of  a  fundamental  polarime- 
tric  radar  Inverse  problem. 
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Summary:  Commonly  in  radio  communications 
fixed  antenna  polarization  states  are  in 
use  also  for  dual  orthogonal  polarization 
channel  frequency-reuse  opeiations.  The 
most  commonly  used  antenna  pclor izations 
are  fixed  "linear  horizontal/vertical”  or 
"circular  left/right-handed"  polarization 
states.  However,  the  communications  signal 
will,  in  general,  suffer  from  poinriza  i m 
state  transformation  and  depol ,i iz-tion 
effects  caused  by  scattt  mg,  refraction, 
diffraction,  etc  ,  i  a  complex  propagation 
medium.  The  polarization  state  degradation 
includes  all  obstructing  objects  affecting 
the  propagation  space,  i.e.,  topology,  man- 
induced  structures,  vegetation  and 
atmospheric  scatter,  e.g.,  fog,  rain,  hail, 
etc.  In  addition,  in  a  multi-path  propaga¬ 
tion  environment  such  as  in  cellular 
communications,  time-delayed  multiple 
vector  waves  of  different  polarization 
states  simultaneously  arrive  at  the 
receiver,  completely  changing  the  polariza¬ 
tion  state  of  the  initially  transmitted 
wave.  Therefore,  the  common  use  of  (any) 
fixed  antenna  polarizations  is  certainly 
far  from  optimal.  Thus,  the  aim  of  this 
paper  is  to  develop  an  agile  polarization 
state  adaptive  communications  systems 
approach.  This  is  achieved  by  designing  the 
received  antenna  system  with  completely 
free,  arbitrarily  adaptive  polarization 
stat”,  providing  the  following  advantages: 

1)  Maintain  matched  polarization  state 
conditions  resulting  in  increased 
steady  systems  performance; 

2)  Reject  undesired  signals  by  adaptively 
switching  receiver  antenna  state  to  a 
polarization  state  orthogonal  to  that 
of  the  undesired  signal; 

3)  Apply  polarimetric  matched  signal 
filter  techniques  with  space  filtering 
by  use  of  adaptive  polarization  array 
antennas,  so  that  the  desired  signal 
can  be  selected  within  the  "main 
beam" . 

In  view  of  the  rapid  advances  currently 
being  made  in  miniature  compact  electro- 
optical  signal  processing  device  technolo¬ 
gy,  the  relatively  large  and  complex 
adaptive  antenna  polarization  state  control 
and  polarimetric  matched  signal  filter 
systems  will  soon  become  miniatutized  and 


realized,  elevating  "radar  polarmetry"  to 
an  indespensible  tool  also  in  cellular 
communications  technology. 

1.  Introduction 

This  paper  introduces  the  basic  principle 
for  a  polarization  agile  communications 
system  which  adjusts  the  polarization  state 
ot  receiving  antenna  to  that  of  incoming 
wave.  The  basic  idea  is  derived  from  basic 
principles  of  radar  polarimetry. 

In  radio  communications,  fixed  polarization 
states  (one  or  two,  being  orthogonal  to  one 
other)  are  used  for  conventional  communica¬ 
tions  systems.  Most  commonly  used  polari¬ 
zations  are  fixed  "linear  horizongal/ 
vertical"  or  "circular  left-handed/right¬ 
handed"  polarization  states.  However,  if  a 
fixed  polarization  state,  say,  vertical 
polarization,  is  sent  through  a  transmit¬ 
ting  antenna,  the  polarization  stare 
changes  and  then  arrives  at  a  receiv'ng 
antenna  as  shown  in  Fig.  1.  This 


Fig.  1:  Polarization  degradation  in 
propagation  space 

change  is  due  to  the  scattering  process  in 
a  complex  propagation  environment.  The 
scatterer  includes  everything  in  the  propa¬ 
gation  space,  i.e.,  buildings,  mountains, 
trees,  bushes,  or  fluctuations  in  the 
atmosphere  such  as  rain,  fog,  hail,  etc. 

In  addition,  in  a  multi-path  environment 


f 


f 
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such  es  a  cellular  communication,  time 
delayed  multiple  waves  having  their  own 
polarisation  states  arrive  at  the  receiving 
antenna  simultaneously.  Therefore,  the 
polarization  state  of  the  wave  incident  op 
a  receiving  antenna  becomes  different  fra*. 
tl.at  of  the  transmitted  wave  as  an  inevi¬ 
table  consequence,  and  it  will  change 
randomly  from  one  instant  to  another. 

Therefore,  the  use  of  a  fixed  polarization 
state  is  not  optimal  for  communications 
from  a  view  point  of  polarimetry.  The  aim 
of  this  paper  is  to  develop  a  polarization 
state  adaptive  communications  system. 
Attention  is  paid  to  the  polarization  state 
of  an  incoming  wave  to  a  receiving  aitenna. 
If  the  polarization  of  the  receiving 
antenna  is  matched  to  it,  the  receii  d 
power  will  be  maximized,  whereas,  if  the 
polarization  state  is  adjusted  orth  gonal 
to  it,  the  power  will  be  zero  even  hough 
there  is  Poynting  power  in  front  of  the 
receiving  antenna.  In  other  words  if  the 
polarization  state  of  the  receiving  antenna 
could  be  changed  arbitrarily  and  freely  in 
a  controlled  feed-back  approach,  then  the 
following  advantages  would  become 
available: 

1!  It  is  possible  to  maintain  the 
matched  polarization  state.  As  a 
result,  the  receiver  and  the 
system  performance  will  be 
increased. 

2)  We  do  not  have  to  take  the  complex 
propagation  environment  into 

accc  .nt  because  we  only  have  to 
concentrate  on  the  polarization 
state  of  incoming  wave. 

3)  It  is  possible  to  reject  the 
undesired  signal  by  changing  the 
receiving  antenna  polarization 
state  orthogor.al  to  that  of  the 
undesired  signal. 

4)  If  this  polarimetric  filtering 
technique  is  combined  with  space 
filtering  (antenna  pattern 
manipulation  such  as  in  adaptive 
array  processing),  it  may  be 
possible  to  select  the  desired 
signal  even  ir.  the  main  beam. 

The  disadvantages  are  such  that: 

1)  This  polarimetric  system  cannot  be 
applied  to  a  non-reciprocal 
propagation  environment. 

2)  The  system  must  measure  the 
polarization  stats  of  the  incoming 

wave  an  the  time  and  adjust  the 
receiving  antenna  polarization  to 
it  which  may  result  in  a  larger 
system. 

The  second  advantage  may  soon  be  overcome 
by  future  advancements  and  by  the  rapid 
development  of  electro-optic  signal  pro¬ 
cessing  devices  and  integrated  systems.  In 
the  following,  we  explain  the  fundamental 
theory  for  adaptive  communications  polari¬ 
metry  in  accordance  with  basic  principles 
of  radar  polarimetry. 

2.  Representation  of  Polarization 

The  polarization  of  a  wave  is  defined  as 
the  property  of  the  wave  describing  the 


time-varying  direction  and  amplitude  of  the 
electric  field,  specifically,  the  figure 
traced  as  a  function  of  tiae  by  the  extrea- 
ety  of  the  field  vector  at  a  fixed  location 
in'space,  as  observed  along  the  direction 
of  propagation.  In  general,  the  trace  is 
an  ellipse.  In  this  section,  several 
parameters  and  their  relations  to  express 
elliptically  polarized  waves  are  given. 

If  a  single  monochromatic  plane  wave  is 
traveling  in  the  z-direction,  the  time 
dependent  electric  field  vector  can  be 
expressed  using  the  two-dimensional  coluan 
vector  description 


e(t)  - 


fe*<t,l  . 

1" ]Ex [cos (at  *  +x) 

Uy<t)J 

L 1  |  cos  ( tot  +  ♦y). 

(1) 


where,  c  and  e  are  the  components  of  the 
x  y 

electric  field  in  the  x-  and  y-direction, 
respectively.  The  tip  of  the  electric 
field  describes  an  ellipse  as  shown  in  Fig. 
2.  The 


Fig.  2:  Trace  of  electric  field  vector 
sense  of  rotation  is  defined  by  the  phase 
difference  ♦  -  *y  -  4X  (■  R  <  ♦  <  n>  with  ♦ 
<  0  for  right  handed  polarization  and  *  >  0 
for  left  handed  polarization  as  shown  in 
Fig.  3. 

Now  assuming  that  the  x-  and  y-di recti ons 
coincide  with  horizontal  and  vertical 
directions,  respectively,  we  can  define  the 
following  parameters,  y  and  ♦,  after  taking 
a  ratio  of  complex  phasors  cx  and  cy. 


expj(* 


*x)  -  tan  y  e3v 


0<y<- 

—  ,.<$<  n 

-n  <  4  <  n 

where  the  angle  y  is  defined  in  Fig.  4. 
Therefore,  the  expression  (1)  can  be 
written  in  terms  of  y  and  *  as 
fcos  v 

I 

e(A,Yi$,$x»t)  ■  A  Re 


(2) 

(3) 

(4) 


.sin  y  e 


3* 


exp 


(j(»t  +  *xn 


(5) 
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Fig,  3.  Sense  of  rotation  with  respect  to  4 


y(V) 


Fig.  4:  Definition  of  r 

A2  *  |Ej2  +  lEy!2  <6> 

Since  the  trace  is  of  geometric  form,  it  is 
convenient  to  employ  geometric  parameters, 
tilt  angle  t,  ellipticity  e,  and  site  A. 

The  tilt  angle  represent  the  angle  between 
the  major  axis  of  the  ellipse  and  the  x- 
axis  in  Fig.  5,  while  the  ellipticity  is 
defined  as 


Fig.  5:  Geometric  parameters:  ellipticity 
c,  tilt  angle  t  and  size  A 


-lfb)  "  " 

e  -  tan  *  -  ,  -  <  c  <  -  (7) 

UJ  4  4 


where  a  is  the  length  of  the  major  axis  and 
b  is  the  length  of  the  minor  axis  of  the 
ellipse.  Rene:,  eq(l)  can  be  written  in 
terns  of  these  paraaeters  as 


[cos 

T 

-sin  x' 

cos  c 

Lsin 

T 

COS  T, 

j  sin  e. 

cos ( wt  +  4X)  (8) 

The  Stokes  vector  g  ■  (gfl,  g, ,  g2  g3)  can 

also  represent  the  polarization  state.  The 
components  corresponding  to  the  coherent 
wave  expression  of  eq(l)  are  defined  as 

90  -  lEx!2  +  !Ey!2 

91  -  |BX|2  -  I  By 1 2 
g2  -  2|Ex||Eyjcos  4 

93  -  2|Ex||Ey|sin  4  (9) 

There  exist  various  sets  of  basic 
parameters  that  can  represent  a 
polarization  state.  There  exist  strict 
relations  among  these  parameters.  The 
relations  are  summarized  in  Fig.  6. 


i&M^r 

A>.|E,f.|E,P 


- - '  HA. 

•S _ 

un2t«un?ycM  + 

un  2t  ■  iia  2f  im  ♦ 

J 

ti »  A*  cm  2<  cos  2t 
j2  •  Alco»2£*u*2t  | 
j,  -  A2  «n  2l  j 

1 

cm2t-*7 

LrdD 

Fig.  6:  Relations  among  parameters 
representing  an  elliptic 
polarization 


The  Poincare  Sphere 

Next,  we  introduce  the  Poincare  sphere  to 
represent  a  polarization  state  and  the 
relation  among  parameters  graphically.  As 
is  well  known  any  polarization  state  can  be 
specified  as  a  point  on  its  spherical 
surface.  There  exists  a  one-to-one 
correspondence  between  all  possible 
polarization  states.  Fig.  7  displays  the 
Poincare  sphere  and  identifies  the 
parameters. 

The  three  axes  which  constitute  a  rectangu¬ 
lar  coordinate  of  the  sphere  represent 
Stokes  vector  components.  The  angle  2y  is 
measured  from  the  intersection  point  of 
+  g3  axis  and  the  spherical  surface  to  a 

polarization  point  P  on  the  Poincare 
sphere.  The  phase  difference  4  is  measured 
from  the  equator  to  the  2y  line.  It  should 
be  noted  that  the  antipodal  point  on  the 
sphere  represents  an  orthogonal  polariza¬ 
tion  state  to  a  specified  polarization 
state . 
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3.  Adaptive  Communication  Polarimetry 

Polarimetry  utilized  the  full  vector  nature 
of  the  electromagnetic  wave  for  an  intended 
application,  in  communications,  both 
transmitting  and  receiving  antennas  are 
separated  from  each  other  regardless  of  the 
line  of  sight  and/or  out  of  sight  propaga¬ 
tion  environments.  Thus,  we  can  model  a 
radio  communications  system  as  shown  in 
Fig.  8.  The  box  in  Fig.  8 


Fig.  8:  Radio  communications  system 

represents  the  scattering  process  which 
causes  the  change  of  polarization  state  of 
the  transmitted  wave.  The  scattering 
process  includes  reflection,  scattering, 
and  diffraction  from  natural  and  man-made 
structures,  mountains  and  hills,  or 
fluctuations  vitnin  the  atmosphere,  etc. 

Now,  in  order  to  examine  the  polarization 
state  of  a  wave,  we  choose  a  right-handed 
coordinate  system  as  shown  in  Fig.  8.  In 
the  far  field,  the  transmitted  wave  and 
scattered  wave  can  be  treated  as  plane 
waves.  Thus, 

-  (E(;1e1  +  Et2  e^te2)expj(wt  +  kr  +  otj.) 

Er  "  (Etx  x  +  Ery  e3*c  y*exP3<Mt  +  ft*  +  «T> 

h  -  (h  x  +  h  e-^h  y  (10) 

x  y 

where  in  all  equations,  4  is  the  phase 
difference  defined  in  (4),  a  is  the 
absolute  phase,  subscripts  t  and  r  denote 
transmitter  and  receiver,  respectively;  and 
li  is  the  wave  wiiich  the  receiving  antenna 
would  radiate  in  the  +  z  direction  if  it 
acted  as  a  transmitter.  Now,  we  define  the 
following  Jones  vector  representation,  the 
transmitted  electric  field  component  by 


sin  rte^*tj 


(11) 


This  two-dimensional  column  vector  is 
called  a  'Spinor'  representing  the  wave 
polarization  state  and  known  as  the  Jones 
vector  in  optics.  The  polarization  state 
determines  the  polarization  ellipse  of  the 
wave  at  a  fixed  point  in  space.  For 
example,  y  “  0  always  represents  horizontal 
polarization,  r  -  n/2  represents  vertical 
polarization.  On  the  other  hand,  y  -  n/4 
and  ♦  -  n/2  represents  left  handed  circular 
polarization  (LHC)  if  the  wave  is  viewed 
along  the  propagation  direction  and 
represents  right  handed  circular  (RHC) 
polarization  if  it  is  view  towards  the 
wave.  Therefore,  a  polarization  stat 
given  by 


1  1 
/i  l  j  . 

is  LHC  for  h,  and  is  RHC  for  E  .  The 

direction  of  propagation  can  be  recovered 
from  the  exponents  in  (10). 

In  this  paper,  we  are  concerned  with  the 
polariraetric  information  of  a  scattered 
wave  excluding  the  amplitude  dependence  due 
to  path  length  variations,  etc.  Since  the 
transmitted  polarization  state  changes  due 
to  the  scattering  process,  the  scattered 
wave  arriving  at  the  receiving  antenna  can 
be  written  as 


tr  -  (S)  Efc  (12) 

where  [ S ]  represents  scattering  matrix 
dependent  on  propagation  environment.  This 

wave  induces  the  antenna  terminal  voltage 

V  -  hTEr  -  hT[S)Et  (13) 

T 

where  the  notation  a  b  -  a  b  +  a  b  is  for 

X  ..  y  y 

column  vectors,  subscript  T  denotes  the 
transpose  and  all  quantities  are  normalized 
to  unity  in  order  to  concentrate  on  polari¬ 
zation  properties.  The  antenna  height  h  is 
defined  here  as  a  polarization  state  of  the 
transmitted  wave  which  would  result  if  the 
receiving  antenna  were  to  transmit.  Since 
we  cannot  control  Br  because  it  dependents 

on  the  propagation  environment,  we  can  only 
control  the  h.  it  should  be  noted  that 
eq(13)  is  not  of  an  inner  product  form. 

The  maximum  condition  for  V  is  apparently, 

h  -  E*  (14) 

where  '  denotes  complex  conjugation.  This 
is  the  polarization  match  condition.  The 
complex  conjugation  to  a  polarization  state 
reverses  the  sense  of  rotation  of  the 
corresponding  polarization  ellipse. 

On  the  other  hand,  if  we  do  not  wish  to 
receive  the  wave  or  reject  it,  it  can  be 
achieved  by  adjusting  h  to  the  orthogonal 
(4)  polarization  state  of  the  incoming  wave 
as 


h  -  E^.  (15) 

This  important  polarization  state 
adaptation  theory  is  explained  graphically 
on  the  PoincarS  sphere  in  Fig.  9.  In  the 
spinor  or  Stokes  vector  notations,  the 
scattered  wave  arriving  at  the  receiving 
antenna  is  given  by 


LHC 


(a)  Poincare  sphere  representation 


(b)  Er  (c)E;  (d)  h  =  E?  (e)h  =  E,‘i 


The  interesting  feature  is  the  manner  of 
location  of  these  polarization  points. 
First,  one  can  see  that  these  P,  Q,  and 
j_  are  located  on  a  great  circule  of  the 
sphere  in  (a).  If  the  point  P  is  given, 
the  matched  condition  point  Q  locates  at 
the  symmetric  point,  with  respect  to  the 
equatorial  plane  of  the  sphere,  and  the 
nis-matched  condition  point  locates  at 

anti-podal  point  to  Q.  On  the  great  circle 
(£),  these  three  points  constitute  a  right- 
angled  triangle  with  PQ^  being  parallel  to 

g,  -  0  plane.  Therefore,  if  the  polariza¬ 
tion  state  of  the  incoming  wave  is  given, 
the  optimal  polarization  state  is 
determined  on  the  Poincare  sphere 
immediately. 

Example 

Let  us  consider  a  problem  of  reflection 
from  an  infinite,  perfectly  conducting  flat 
plate  at  normal  incidence  where  we  have  a 
bistatic  antenna  communications  system. 

Two  experimental  facts  are  known:  the 
returned  wave  is  in  the  same  polarization 
state  as  the  transmitted  one,  e.g.,  changes 
from  RHC  to  LHC  due  to  a  reversal  in  the 
direction  of  propagation,  and  the  fact  that 
the  voltage  across  the  receiving  antenna  is 
maximal  for  linear  polarizations  and  zero 
for  circular  polarizations.  Then  if  the 
horizontal  polarization  is  transmitted,  we 
find  that 


Fig.  9:  Graphical  interpretation  of 
polarization  states 
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cos  rr 
.sin  Yr 


or  (gj,  g2,  g3> 


(x  -  y)  plane 


(16a) 


the  polarization  state  can  be  plotted  on 
the  Poincare  sphere  as  a  point  P  as  shown 
in  Fig.  9(a).  The  polarization  ellipse  as 
well  as  the  sense  of  rotation  is  like  Fig. 
9(b).  Then  the  complex  conjugation  is 


h  - 


cos  rc 
.sin  Yfe  JTr 


or  (g1(g2,g3) 


(x  -  y)  plane  (16b) 


On  the  other  hand,  if  RHC  is  transmitted, 
then 


Er  -  ( S ] E .  - 

r  1  n 


h  -  Er  -  — 

r  fl 
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These  results  satisfy  experimental  facts 


by  definition.  Therefore  this  point  should 
be  located  on  point  Q.  The  polarization 
ellipse  is  the  same  as  (b),  however,  the 
sense  of  rotation  is  opposite  (c).  On  the 
other  hand,  in  order  to  reject  the  incoming 
wave,  the  polarization  state  of  the 
receiving  antenna  should  be  moved  to  the 
antipodal  point  Qx  in  (a)  resulting  in  the 
polarization  ellipse  as  shown  in  (e). 


Received  Power 

If  the  polarization  state  is  not  completely 
matched  or  mismatched,  the  received  power 
would  not  be  optimal.  Be  calculated  the 
power  variations  due  to  the  polarization 
change,  base  on  the  following  equation. 

Power  ■»  V  •  V*  -  |hTEr|2  (17) 
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Fig.  10:  Received  power  variation  with 

respect  to  receiver  polarization 
state  h 

The  parameters  y  and  4.  In  the  calculated 
results  shown  in  Fig.  10,  the  incident  wave 
is  assumed  to  be  characterized  as  y  -  ♦  * 

60  degrees.  The  maximal  polarization  state 
is  found  to  be  (y,4)  «  (60° , -60° ) ,  and  mis¬ 
matched  point  becomes  (y,  4)  -  (30°,  120°). 

4.  Conclusion 

In  this  paper,  we  applied  basic  principles 
of  radar  polarimetry  to  radio  communica¬ 
tions  under  the  condition  that  the  polari¬ 
zation  state  of  the  incoming  wave  changes 
according  to  effects  caused  by  the  propaga¬ 
tion  environment.  Since  we  cannot  control 
the  polarization  state  of  an  incoming  wave, 
the  only  possible  way  to  control  the 
receiving  power  is  the  polarization  state 
of  the  receiving  antenna.  Based  on  basic 
principles  of  radar  polarimetry,  the 
matching  and  mismatching  conditions  are 
derived  using  the  Poincare  sphere.  We 
found  an  interesting  relation  between  the 
maximal  and  minimal  polarization  states 
with  respect  to  that  of  the  incoming  wave, 
i.e.,  these  points  constitute  a  great 
circle  on  the  Poincare  sphere  and  that  they 
form  a  right-angled  triangle  on  the  great 
circle.  Therefore,  if  the  polarization  of 
the  incoming  wave  is  given,  these  maximal 
and  minimal  polarization  points  can  be 
determined  graphically  on  the  Poincare 
sphere  instantaneously.  This  concept  of 


adaptive  communications  polarimetry  may  be 
useful  not  only  to  cellular  radio  communi¬ 
cation  systems,  but  to  fixed-station  link 
radio  communication  systems  suffering  from 
atmospheric  fluctuations  as  well. 
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DISCUSSION 


W.  FLOOD  (Comment) 

!  There  are  two  papers  which  will  appear  shortly.  The  first  will  appear  in  Antennas  and  Propagation  showing  how  for  certain 

!  classes  of  diffuse  targets,  one  can  approximate  the  Mueller  matrix  with  measurements  off01,  a™  and  oVH.  The  second  paper, 

!  which  shows  how  the  phase  statistics  of  the  S  matrix  can  be  obtained  from  the  Mueller  matrix  will  appear  in  Radio  Science. 
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SUMMARY 

Laser-induced  fluorescence  (LIF)  lidar 
is  a  promising  technique  for  remote 
chemical  detection  and  analysis  for  both 
hard  targets  and  extended  atmospheric 
targets  dispersed  as  aerosols  or  gase3. 
However,  the  volume  sampled  in  the  atmo¬ 
sphere  by  a  lidar  may  contain  mixtures 
of  several  fluorescing  compounds.  The 
fluorescence  spectra  of  the  hard  targets 
and  of  the  aerosols  and  gases  in  the 
troposphere  are  primarily  very  broad  and 
devoid  of  sharp  line  structure.  When 
several  species  are  present,  the  result¬ 
ing  overlapped  spectrum  is  difficult  to 
analyze.  Interpretation  of  the  multi- 
component  spectra  of  th«>  lidar  signal 
return  is  necessary  foi  application  of 
an  ultraviolet  (UV)  l.dnr  in  a  complex 
atmospheric  environment  such  as  a  modern 
battlefield. 

We  describe  algorithms  that  we  have 
developed  to  process  UV  lidar  fluores¬ 
cence  data  and  to  analyze  for  chemical 
components.  Our  analysis  algorithms 
are  based  on  factor-analysis  rank- 
annihilation  (FARA)  techniques.  We 
apply  four  methods  to  lidar  systems 
modeling  and  simulation  analysis  that 
ntains  both  shot  noise  and  sky 
.adiance.  We  demonstrate  the  limita¬ 
tions  of  UV  lidar  systems  in  terms  of 
range,  daytime/nighttime  operation,  and 
lidar  system  parameters.  We  find  that 
for  situations  in  which  several  constit¬ 
uents  are  f luf  rescing  and  have  close 
overlap,  sky  radiance  limits  use  to 
nighttime  application.  Ranges  of  a 
kilometer  or  more  are  obtainable  for 
easily  realizable  uv  lidars  operating  at 
night. 

1.  INTRODUCTION 

LIF  is  sometimes  used  for  lidar  because 
LIF  spectra  contain  information  about 
chemical  composition  (  (ef  1) .  Fluores¬ 
cence  lidar  has  been  limited  because  the 
LIF  spectra  of  most  constituents  in  the 
troposphere  are  very  broad  and  devoid  of 
line  structure.  The  LIF  spectra  of 
aerosol  particles  do  not  have  line 
structure  because  of  inhomogeneous 
broadening  by  vibrational  states,  sharp 
fluorescence  lines  from  gases  in  the 
troposphere  are  quenched  by  collisional 
de-excitation.  The  broad  LIF  spectra 
from  an  atmospheric  constituent  overlap 
LIF  spectra  from  other  constituents  and 
the  spectrum  of  sky  radiance.  An 
atmospheric  constituent  is  not  easily 
distinguished  from  the  background 
spectra  because  of  this  overlap. 


Rank  annihilation-factor  analysis  (RAFA) 
is  a  set  of  algorithms  for  interpreting 
broad  fluorescence  spectra  in  complex 
mixtures.  RAFA  compares  the  excitation- 
emission  matrix  (EEM)  of  an  unknown  to 
the  EEM  of  a  calibrant.  An  EEM  is  a 
matrix  containing  the  spectral  intensity 
as  a  function  of  excitation  wavelength 
and  emission  wavelength.  RAFA  can  only 
detect  the  EEM  of  a  calibrant  within  the 
EEM  of  a  complex  mixture  under  the 
following  conditions.  First,  the 
fluorescence  of  the  various  components 
of  the  mixture  should  add  up  linearly. 
Second,  the  EEM  can  only  be  analyzed  if 
both  the  number  of  excitation  and 
emission  wavelengths  is  greater  than  the 
number  of  fluorescing  compounds  in  the 
mixture.  Many  more  excitation  wave¬ 
lengths  than  fluorescing  compounds  may 
be  necessary  because  of  noise  and 
uniqueness  problems.  This  means  that  a 
wavelength  tunable  excitation  source  is 
necessary  for  RAFA. 

This  paper  describes  a  computer  simula¬ 
tion  of  an  RAFA  detection  algorithm 
applied  to  a  hypothetical  fluorescence 
lidar  return  with  noise  and  sky 
radiance.  Detection  algorithms  deter¬ 
mine  whether  or  not  the  concentration  of 
the  calibrant  in  an  unknown  mixture  is 
zero.  In  previous  simulations  we 
analyzed  RAFA  algorithms  that  can 
calculate  only  nonzero  concentrations  of 
the  calibrant  in  the  unknown  mixture 
from  a  fluorescence  lidar  return  (Ref 
2).  Hoise  and  sky  radiance  were  not 
included  in  our  previous  studies. 

If  the  spectra  of  the  components  are 
both  nonoverlapping  and  free  of  random 
noise,  RAFA  requires  a  calibrant  EEM 
only  from  the  compound  of  interest. 

This  suggests  that  RAFA  may  be  useful  in 
remote  sensing  where  an  unknown  back¬ 
ground  may  also  be  fluorescing. 

However,  real  lidar  measurements  often 
contain  largo  amounts  of  random  noise 
and  overlap.  A  priori  information  is 
necessary  to  eliminate  random  noise.  We 
will  show  that  detection  by  RAFA  may 
require  soma  knowledge  of  the  fluores¬ 
cence  background  to  set  a  rejection 
level.  A  detailed  knowledge  of  the 
fluorescence  background  may  not  be 
necessary  if  one  has  used  the  worst 
possible  fluorescence  background  to  set 
the  rejection  level. 

2 .  THEORY 

The  theory  behind  the  simulation  is 
described  in  two  parts:  the  RAFA  detec¬ 
tion  algorithm  and  the  UVTRAN  model  for 
lidar. 
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2.1  Detection  Algorithm 

Vfe  used  the  overlap  index  method  (Ref  3) 
to  detemine  the  presence  or  absence  of 
the  calibrant  compound  in  the  nixture. 
The  overlap  index  aethod  assunes  that 
the  calibrant  EM  is  bilinear;  that  is, 
the  enission  spectrin  of  the  calibrant 
is  independent  of  excitation  wavelength. 
Pure  compounds  generally  have  bilinear 
EM  because  of  rapid  honradiative 
transitions  within  a  molecule.  The 
overlap  index  nethod  will  not  werk  if 
the  EM  of  the  calibrant  is  linearly 
dependent  with  a  set  of  EM  froa  other 
components  in  the  unknown. 

.We  now  define  the  overlap  index,  p.  In 
the  following  discussion,  the  row 
vectors,  of  an  EM  correspond  to  emission 
spectra  and  the  column  vectors  of  an'  EM 
correspond  to  excitation  spectra.  The 
overlap  index  method  requires  a  bilinear 
calibrant  EM,  X,  and  the  EM,  D,  froa 
an  unknown  mixture.  Then 


p  =  £  |Ul  •  x\2  t  I  V.  •  Y  |J  <« 

i  -  1  j  •  1 


where  x  is  a  normalized  excitation 
spectrum  of  the  calibrant,  y  is  a 
normalized  emission  spectrum  froa  the 
calibrant,  i  and  j  are  subscripts 
designating  the  significant  nonzero 
eigenvalues  of  DDT  or  DTD,  u4  is  an 
eigenvector  of  DDr  associated  with  a 
significant  eigenvalue,  v,  is  an 
eigenvector  of  DTD  associated  with  a 
significant  eigenvalue,  and  r  is  the 
number  of  significant  nonzero  eigen¬ 
values  of  DDr  and  DTD. 

The  value  of  r  is  necessary  for  calcu¬ 
lating  a  precise  value  of  p.  Under¬ 
estimating  r  generates  a  numerical  error 
in  p,  while  overestimating  r  causes  p  to 
be  sensitive  to  noise  and  experimental 
error.  Algorithms  for  finding  r  are 
available  (Refs  4  and  5) ,  but  were  not 
included  in  this  study.  We  simulated 
EEM  whose  values  of  r  were  known, 
modified  these  EEM  by  using  a  lidar 
model,  and  then  used  the  unmodified 
values  of  r  in  our  calculation.:  of  p. 

The  overlap  index,  p,  is  used  to  compare 
spectra  in  a  similar  way  to  correlation 
functions.  The  overlap  index  algorithm 
will  work  under  certain  conditions  even 
in  the  presence  of  unknown  fluorescing 
spectra,  where  correlation  functions 
cannot  work.  If  p  is  0,  the  calibrar.t 
EEM  and  the  unknown  EEM  are  completely 
uncorrelated  and  the  calibrant  is  not 
part  of  the  unknown  mixture.  If  p  is  1, 
the  calibrant  EEM  and  the  unknown  EEM 
are  comp'-tely  correlated  and  the 
calibran-  ay  be  part  of  the  mixture.  A 
detection  criterion  is  necessary  if  p  is 
between  0  and  1.  We  will  propose  a 
possible  detection  criterion  in  the 
discussion  section  of  this  paper. 
However,  this  criterion  requires 
partial  knowledge  of  the  background 
fluorescence. 


2.2  Lidar  Modal 

UVTRAH  is  a  C7  and  visible  wavelength 
atmospheric  propagation  model  recently 
reported  by  Patterson  and  Gillespie  (Ref 
6).  U7TRAX  calculates  the  atmospheric 
extinction  coefficient,  optical  atmo¬ 
spheric  transmission,  sky  radiance, , and 
the  total  lidar  signal  for  backscatter 
and  fluorescence.  Only  calculations  for 
-the  atmospheric  extinction  coefficient 
have  been  previously  described.  The 
other  parts  of  the  model  are  currently 
being  documented  and  verified. 

A  modified  version  of  UVTHAS  simulated 
the  fluorescence  lidar  return  signals. 
Hie  new  version  includes  SAFA  analysis 
and  photon  counting  (that  is,  shot) 
noise.  The  calculation  of  photon  noise 
required  the  detector  integration  tine 
and  fluorescence  lifetine  as  input 
parameters.  The  new  model  enters  the 
concentration  and  laboratory  EM  of  the 
unknown  mixture,  the  excitation  and 
emission  spectrum  of  the  calibrant,  the 
visibility,  desired  options,  and  other 
parameters.  The  program  calculates 
fluorescence  lidar  returns.  The  overlap 
index  is  then  calculated  from  the 
fluorescence  lidar  return  as  a  function 
of  distance  or  detection* integration 
time. 

The  new  model  has  several  options 
concerning  sky  radiance  and  noise.  The 
overlap  index  can  be  calculated  with  or 
without  photon  noise,  and  with  or 
"Ithout  sky  radiance.  Typical  sky 
radiance  can  be  calculated  for  night, 
overcast  day,  or  clear  day.  The 
calculations  shown  are  for  nighttime  sky 
radiance. 

The  fluorescence  detector  is  assumed  to 
be  a  shot  noise  limited  photon  counter. 
The  photon  detector  has  a  shutter.  The 
detector  has  a  temporal  window  over 
which  the  detector  counts  photons.  With 
photon  noisJ,  the  mean  collection  rate 
of  photons  is  calculated  and  multiplied 
by  the  detector  integration  time.  The 
photon  count  is  assumed  Poisson 
distributed  about  the  mean  number  of 
photons.  Once  the  random  number  is 
generated,  the -mean  sky  radiance  signal 
may  or  may  not  be  subtracted  from  the 
noisy  signal,  depending  on  the  option 
chosen. 

The  model  uses  five  approximations. 
First,  the  spatial  extent  of  the 
fluorescing  unknown  is  much  less  than 
the  distance  between  the  unknown  and  the 
detector.  For  visual  clarity,  some  of 
the'-  calculations  and  plots  shown  in 
later  sections  will  be  extended-past  the 
validity  of  this  approximation.  Second, 
the  laser  pulse  is' much  shorter  than 
either  the  detector  integration  time  or 
the  fluorescence  lifetime.  The  validity, 
of  this  assumption  will  be  included  in 
the  conclusion.  Third,  the  spatial 
extent  of  the  fluorescing  unknown  is 
ct,,  where  c  is  the  speed  of  light  and 
t,  is  the  detector  integration  time. 
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Fourth,  the  fluorescence  lifetimes  of 
all  the  components  in  the  unknown 
mixture  are  the  sane  as  the  lif etime  of 
the  ct  I i  brant  -  Fifth',  neither  the 
excit  -yg  pulse  nor  the  fluorescence  is 
significantly- attenuate*  passing  through 
the  unknown. 

3.  COKTOTMt  sniOIATZCM 

The  following  scenario  was  chosen  for 
our  simulation.  The  fluorescence  lidar 
was  being  used  in  the  troposphere  to 
detect  the  presence  or  absence  of 
nitrc?en  dioxide,  HO-,  in  a  plume  that 
contained  carbon  particles.  The  overlap 
index  for  an  W02  call  brant  was  calcu¬ 
lated  by  using  simulated  lidar  returns 
from  aerosol  plumes  with  and  without  no2 
as  the  unknown  EEM.  The  overlap  index 
for  unknowns  with  and  without  N02vere 
compared.  The  computer  simulation  will 
be  described  in  three  parts:  parameters 
for  the  NO.  vapor,  parameters  for  the 
carbon  particles,  and  parameters  for  the 
fluorescence  lidar  apparatus. 

we  used  emission  spectra  of  N02  at  o.l 
Torr  pressure  measured  by  Sakuria  and 
Broida  (Ref  7) .  The  emission  spectrum 
has  two  components:  a  broad-band 
component  and  a  narrow-band  component. 
The  narrow-band  component  is  far  more 
easily  quenched  at  higher  pressures  than 
the  broad-band  component.  The  simula¬ 
tion  therefore  did  not  include  the  sharp 
lines. 

Our  simulation  used  a  peak  fluorescence 
cross  section  of  9  x  lo"*‘  cm2  and  a 
fluorescence  decay  time  of  1.65  ns. 

These  values  were  estimated  for  atmo¬ 
spheric  pressure  by  multiplying  the  low 
pressure  values  by  the  quenching  factor. 
The  fluorescence  cross  section  without 
quenching  (peak  value  of  3  x  io’“  cm*) 
and  the  quenching  factor  (3  x  10'3)  at 
atmospheric  pressure  of  no2  were  taken 
from  Measures  book  (Ref  l) .  The 
fluorescence  lifetime  for  N02  of  55  ms 
war-  measured  without  quenching  by  Keyser 
et  al.  (Ref  8) . 

We  chose  Kansas  City  fly  ash  studied  by 
Tucker  et  al.  (Ref  9)  as  the  background 
fluorescence  source.  Fly  ash  and  N02 
are  often  emitted  together  from  smoke 
stacks.  This  is  only  one  of  several 
possible  fluorescence  backgrounds 
because  the  fluorescence  spectra  of  fly 
ash  changes  with  the  source. 

We  used  a  digitizer  to  measure  emission 
spectra  of  N02  and  fly  ash  as  shown  in 
journal  illustrations  (Refs  9  and  10) . 
The  excitation  spectrum  in  the  litera¬ 
ture  was  incomplete  for  both  N02  and 
fly  ash.  We  had  to  interpolate  the 
excitation  spectrum  from  only  a  few 
points.  The  interpolation  was  done  in 
such  a  way  that  the  EEM  of  N02  and  the 
EEM  of  fly  ash  were  each  bilinear  (that 
is,  r  =  1  for  each) .  The  fly  ash  EEM 
was  definitely  not  bilinear  out  to  355 
nm  in  the  literature,  but  the  simulation 
was  done  over  a  much  narrower  range  of 
excitation  wavelengths. 


The  fluorescence  lidar  EEM  was  a  linear 
combination  of  the  W02  and  the  fly  ash 
EEM:  Emission  spectra  of  the  WC>2,  the 
fly  ash,  and  .the  .mixture  et  one  exciter 
tior.  wavelength  are  shown  in  Fig.  1.  A 
concentration  for  NOjOf  100  ppb  was 
chosen  for  the  unknown -because  it  was 
the  maximum  concentration  measured  by 
Gelbachs.et  al.-  (Ref  10)  in  the  ambient 
atmosphere  of  a  city:  The  concentration 
of  the  fly  ash  was  chosen  so  the  peek 
fluorescence  of  fly  ash  was  twice  the 
peak  fluorescence  of  HOj,  which  was  also 
consistent  with  measurements  by 
Gelbwachs  et  al.  (Ref  10} .  The  EEM  of 
the  unknown  from  which  the  fluorescence 
lidar  returns  were  generated  had  two 
components  (that  is,  r  =  2).  For 
calculational  ease,  the  fluorescence 
lifetimes  of  the  N02 and  the  fly  ash 
were  assumed  to  be  the  same. 

Our  hypothetical  lidar  is  now  described. 
The  lidar  uses  three -excitation  lines: 
457.9  nm,  488.0  nm,  and  514.5  nm.  The 
energy  of  each  pulse  is  0.1  J  and  each 
pulse  is  much  shorter  than  either  the 
fluorescence  lifetime  or  the  detector 
integration  times,  other  parameters  of 
the  detector  are  given  in  Table  1.  The 
receiver  field  of  view  was  assumed 
perfectly  matched  with  the  laser 
divergence.  The  emission  spectra  were 
collected  from  400  nm  to  750  nm  in  5-nm 
increments.  Elastic  scatter  was  not 
included  as  there  are  methods  of 
filtering  it  out  of  the  fluorescence 
lidar  return.  The  receiver  was  shot 
noise  limited.  The  lidar  path  was 
horizontal  through  an  atmosphere  with  a 
23-km  visibility. 

We  averaged  the  signal  over  6000  pulses 
per  excitation  wavelength  for  each 
trial.  Adequate  lidar  returns  with  sky 
radiance  and.photon  noise  could  not  be 
gathered  with  a  much  smaller  number  of 
pulses.  Thi.  number  is  far  too  large 
for  many  applications  of  fluorescence 
lidar.  However  fluorescence  lidar  may 
be  possible  for  gases  whose  cross 
sections  are  much  larger  than  9  x  10"** 
cm*  or  whose  concentrations  are  much 
larger  than  lOOppb  because  fewer  pulses 
would  be  necessary.  The  statistical 
average  and  standard  deviation  of  the 
overlap  index. were  calculated  from  17 
trials.  The  error  bars  were  defined  as 
plus  or  minus  a  standard  deviation. 

4.  RESULTS  AND  DISCUSSION 

A  threshold  (that  is,  rejection  level) 
for  the  overlap  index  is  required  to 
determine  whether  a  compound  is  present 
or  absent.  We  determined  one  possible 
criterion  as  follows.  We  assumed  that 
the  fly  ash  background  we .used. was 
either  very  typical  or  worse  than  the 
actual  background.  For  example, 
aerosols  can. be  monitored'  by.  independent 
techniques.  The  RAFA  analysis  would 
then  be  discarded  if  the  aerosol 
concentration  was  too  high.  A  reason¬ 
able  threshold  under  these  conditions 
would  be  between  thw  two  curves. 
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The  following  numerical  definition  of 
threshold - was  tested.  The  overlap 
indices  with  no  sky  radiance -are  clearly 
separable  out  to  10  km  for 'the 'mixture 
of  N02  and  fly  ash.  (pt)  and  the -fly -ash 
background  alone  (ft,) .  A  slight 
dependence  on  distance  was  observed -for 
both  p,and  p^,  so  a  threshold,  pt,  that 
was  also: dependent  on  distance  was 
defined.  The  threshold,  pt,  was  defined 
as  the  average- of  p^  and  pk;  that  is. 


Any  p  above  pt indicates  the  presence  of 
N0Z and  any  p  below  pt indicates  the 
absence  of  N02.  This  criterion  presumes 
that  the  user  has  anticipated  the  worst 
fluorescence  background  inierferent 
possible  in  a  given  situation. 

The  simulation  was  done  with  both  photon 
noise  and  sky  radiance.  The  mean  sky 
radiance  was  subtracted  from  the  noisy 
signal.  This  scenario  is  the  most 
realistic  for  applications  of  fluores¬ 
cence  lidar. 

The  noise  from  the  sky  radiance  severely 
limited  the  ability  of  the  fluorescence 
lidar  to  distinguish  between  the 
presence  and  absence  of  N02.  The 
functional  dependence  of  the  average 
overlap  index  on  distance  is  shown  in 
Fig.  2  for  nighttime  sky  radiance  for  a 
2-ms  detector  integration  time. 

The  effect  of  detector  integration  time 
on  the  overlap  index  was  studied  because 
the  detector  integration  time  often 
determines  the  distance  resolution  of 
the  lidar.  The  functional  dependence  of 
the  overlap  index  on  detector  integra¬ 
tion  time  is  shown  in  Fig.  3. 

The  overlap  index  with  N02  was  clearly 
distinguishable  from  the  overlap  index 
without  NOj  for  detector  integration 
times  larger  than  1  ms.  One  could  not 
distinguish  between  the  presence  and 
absence  of  NO.  using  detector  integra¬ 
tion  times  less  than  500  ns  because  the 
overlap  index  was  too  sensitive  to  the 
shot  noise  from  nighttime  sky  radiance. 

5.  CONCLUSIONS 

Photon  counting  noise  with  sky  radiance 
severely  limits  the  ability  to  detect 
NOj.  RAFA  may  be  sensitive  to  random 
noise  because  random  noise  is  not  the 
sum  of  a  small  number  of  bilinear 
matrices.  RAFA  is  based  on  the  fact 
that  EEM  from -background  compounds  are 
bilinear.  The  photon  noise  from  the  sky 
radiance  is  a  larger  problem  than  photon 
noise  from  the  lidar  return  because  the 
sky  radiance  is  stronger  than  the  lidar 
return. 


The- noise  from  sky  radiance  problems  say 
sake  the. detection  of  N02  impractical. 

The  large  number- %f  pulses ;per. excita¬ 
tion  wavelength,.  6000,  required' for 
signal  averaging  would  occupy,  a  large 
amount  of  the- observer's  time;  The, 
experimenter  would  have  to  wait  60- s  per 
excitation  wavelength  at  a  very  high 
.epetition  rate  of  100  Hz.  This  would 
not  be  a  real-time  measurement  for  many 
applications.  The  required  number  of 
pulses  could  be  decreased,  by  increasing 
the  detector  integration. time  at  the 
expense  of  distance  resolution. 
Fluorescence  lidar  say  be  practical  for 
atmospheric  constituents-  with  much 
higher  fluorescence' cross  sections  or 
concentrations  than  were  used  -in  our 
simulation. 

The  distance  resolution  of  fluorescence 
lidar  can  be  seriously  limited  by  noise 
and  sky  radiance.  Adjusting  the 
detector  integration' time  determines  the 
distance  resolution  of  the  lidar.  For 
example,  a  1-ms  detector  integration 
time  limits  the  distance  resolution  to 
130  m,  but  provides  a  greater  photon 
count  than  a  looms  detector  integration 
time.  An  II02  signal  could  not  be 
distinguished  from  a  fly  ash  signal  for 
integration  times  less  than  500  ns  in 
our  simulation,  which  limit'd  the  range 
resolution  to  65  m. 

The  initial  assumption  that  the  transit 
time  is  much  greater  than  the  detector 
integration  time  is  not  completely  valid 
for  the  small  distances  where  our  lidar 
model  is  valid.  Our  simulation  results 
are  therefore  very  approximate  in  this 
region.  However,  the  calculations  are 
sufficient  to  show  how  poor  RAFA  would 
be  for  large  distances  with  noise  and 
sky  radiance. 

The  fluorescence  lidar  apparatus  that  we 
simulated  is  feasible,  but  would  be  very 
marginal.  Our  fluorescence  lidar  model 
is  being  used  to  investigate  the  effec¬ 
tiveness  of  possible  improvements. 
Narrowing  the  receiver  field  of  view 
could  reduce  the  sky  radiance  noise. 
However,  the  2  mrad  used  in  our 
simulation  is  already  too  narrow  to 
easily  achieve.  Using  an  excitation 
source  with  a  greater  number  of  lines 
would  enable  the  lidar  to  discriminate 
NOj  from  even  more  complex  fluorescence 
backgrounds  than  the  simulated  fly  ash. 
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7.  ILLUSTRATIONS 

Table  I:  Lidar  parameters 

1.  Laser  pulse  energy  --  0.1  J 

2.  Number  pulses  —  6000 

3.  Receiver  Mirror  Diameter  —  0.6  m 

4.  Receiver  field  of  view  —  2  mrad 

5.  Spectral  Bandwidth  of  System  —  2.5 
nm 

6.  Transmitter  Efficiency  --  0.55 

7.  Receiver  Efficiency  —  0.54 


WAVELENGTH  (nm) 


Fig.  1.  Normalized  emission  spectra  of 

N02  ( - ),  fly  ash  alone  (****),  and  a 

mixture  of  fly  ash  and  N02 at  457.9  nm 
excitation  (  ) . 


Fig.  2.  Functional  dependence  of  -the 
overlap  index  on  range  with  photon  noise 
and  sky  radiance  for  daytime  and 
nighttime  conditions  with  typical  error 
bars.  The  mean  sky  radiance  has  been 
presubtracted  from  the  lidar  return. 
Error  bars  are  defined  as  plus  or  minus 
a  standard  deviation. 
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Fig.  3.  Functional  dependence  of  the 
overlap  index  on  detector  integration 
tine  with  photon  noise  and  sky  radiance 
for  daytime  and  nighttime  conditions. 
The  mean  sky  radiance  has  been 
presubtracted  from  the  lidar  return. 
Error  bars  are  defined  as  plus  or  minus 
a  standard  deviation. 
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DISCUSSION 


W.  FLOOD 

What  is  the  effect  of  a  multi-component  background  on  the  detection  process? 

AUTHOR’S  REPLY 

Depending  on  the  degree  of  overbp  by  the  interfering  species  the  multi-component  background  could,  and  probably  will,  mask 
the  target  material  of  interest.  This  is  because  most  fluorescence  is  very  broad  and  devoid  of  line  structure.  A  spectral  sorting 
algorithm  such  as  RAFA  can  spectrally  discriminate  and  locate  the  species  of  Interest  if  there  are  at  least  as  many  unique 
excitation  wavelengths  as  there  are  fluorescing  species  In  the  target  volume. 


E. TULUNAY 

Do  you  think  that  neural  net  will  be  useful  in  making  decisions  especially  in  noisy  cases? 

AUTHOR’S  REPLY 

The  appropriate  spectral  discrimination  methodobgymust  first  be  devebped  (RAFA )  to  solve  the  problem.  Then  the  software 
should  be  packaged  as  a  neural  net  product  with  the  artificial  intelligence  aspect  used  as  a  prefilter  to  select  candidate  target 
substances.  This  would  greatly  improve  the  speed  of  the  detection  process  and  perhaps  make  the  technique  almost  real-time. 
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SUMMARY 

Throughout  the  last  two  decades,  dramatic 
changes  have  been  taking  place  in  the  field 
of  radar  meteorology.  Tne  effects  of  modem 
digital  signal  processing  techniques 
should  be  especially  considered.  These  new 
technologies  present  new  opportunities  in 
the  weather  radar  research  arena. 

Real-time  processing  is  at  present  the  key 
problem  in  this  field,  because,  by  nature, 
meteorological  targets  are  distributed  in 
space  ana  occupy  a  large  portion  of  the 
spatial  resolution  cells  observed  by  radar. 
For  this  reason,  meteorological  radars 
require  high-data-rate  recording  and 
effective  real-time  processing. 

To  solve  the  data  handling  and  processing 
problems  for  weather  surveillance  radars,  a 
method  was  initiated  by  TUDelft.  The  method 
makes  use  of  a  "  Framing-Based  Radar  Data 
Analysis  "  and  is  under  development  as  part 
of  two  contracts  for  the  Dutch  PTT. 

The  method  demonstrates  great  potential  in 
the  field  of  rain  cell  modelling  and  ground 
clutter  suppression. 

The  first  verifications  were  performed 
using  off-line  experimental  data  obtained 
from  the  operational  Delft  radar  S0L1DAR. 

1.  INTRODUCTION 

Meteorological  radars  appear  similar  to 
radars  used  for  other  purposes.  The  major 
distinction  between  these  radars  lies  in 
the  nature  of  the  targets. 

Operational  meteorological  radars  are 
designed  for  reliability  and  simplicity  of 


operation  while  providing-  the  performance 
required  for  operational  applications. 

There  is  ho  universal  weather  radar  system 
design  that  can  serve  all  purposes.  Most 
meteorological  radars  are  pulse  Doppler 
radars,  like  NEXRAD  in  the  United  States 
(2J  • 

An  intensive  effort  has  been  made  in  the 
field  of  FM-CW  weather  radar  research  by 
the  Delft  University  of  Technology,  Faculty 
of  Electrical  Engineering.  In  'Section  2,  a 
descriptive  overview  of  SOLIDAR,  Solid 
State  Delft  Atmospheric  Radar,  is  given. 

In  Section  3,  the  Delft  approach  to  the 
radar  data  handling  in  using  two- 
dimensional  data  frames  is  introduced. 

Delft  has  developed  a  new  approach  to 
ground  clutter  subtraction  and  rain  cell 
definition  which  Is  explained  In  Sections  4 
and  5. 

2.  SOLIDAR  IN  GENERAL  TERMS 

2.1  System  Description 
SOLIDAR  [1]  was  developed  to  perform  site- 
diversity  studies  at  a  number  of  locations 
and  in  1989  the  radar  system  was  placed  on 
the  roof  of  the  92m  tall  building  of  the 
Department  of  Electrical  Engineering, 
Delft.  Specifications  are  summarized  In 
Table  1. 

For  the  site-diversity  experiment,  various 
pieces  of  equipment  for  making  the 
necessary  measurements  were  installed  at 
two  sites  located  at  a  distance  of  about  10 
kra  apart. 


Radar  type  :  Linear  FM  sawtooth 
Transmitted  power  (dBm)  30 
Max.  received  signal  (dBm)  -10 
Centre  frequency  (GHz)  9.47 
Frequency  excursion  (MHz)  5 
Range  resolution  (m)  30 
Sweep  time  (ms)  5 

Beat  frequency  max.  (kHz,  102.4 
Receiver  nF  (dB)  2.5 

Antenna  gain  (dB)  38 

Beam  width  (degree)  2.8 

Antenna  isolation  (dB)  >60 
Antenna  revolution  time(s)  15.36 
Antenna  tilt  angle (degree)  0  to  8 


After  processing: 


Range  Rmax  (to®)  15.36 

Range  resolution  (m)  120 

Azimuth  resolution(degree)  1.875 
Number  of  range  cells  128 

Number  of  sector  angles  128 

Total  sector  (degree)  240 
Analyzer  bandwith  (Hz)  25 
Minimum  detectable  rain 
intensity  at  max  range  and 
S/N  -  35  dB  (mn/hr)  1 

Max  detectable  rain 
intensity  (mm/hr)  100 

Dynamic  range  ADC  (dB)  96 


Table  1:  SOLIDAR  specifications 
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The  equipment  at  Delft  consists  of  one  12 
GHz  am  one  30  GHz  Olympus  Satellite  beacon 
receiver,  one  20  GHz  .radiometer,  ;one  37v5- 
GHz  radio  link,  the  X-Band  IM-CW  weather 
surveillance  radar  'SOLIDAR  -and"  the' . S  -Band 
IM-CW  Doppler  polarimetric  radar  DARR.  The 
equipment  at  the  second  site  in 
Leidschendam  consists  of  one  12  GHz  and  one 
30  GHz  Olympus  beacon  receiver  and  one  .20, 
GHz  radiometer. 

Additionally,  rain  gauges  have  been 
installed  at  four  places  within  the  radar 
range. 

All  this  equipment  is  connected  to  a 
dedicated  data-acquisition  network,  so  that 
all  data  is  available  to  the  experimenters 
at  both  sites. 

2.2  Preliminary  Data  Processing 

The  Fourier  transform  of  the  beat  signal  is 
basic  to  IM-CW  radar  for  the  extraction  of 
reflectivity  data  as  a  function  of  range. 

Fast  Fourier  transforms,  power  spectra 
averaging,  phase  averaging,  conversion  of 
reflectivity  into  rain  intensity, 
displaying,  registration  of  radar  data  for 
further  off-line -processing,  ground  clutter 
detection,  reflectivity  based  ground 
clutter  suppression,  and  rain  cell 
definition  are  some  of  the  present  software 
functions  in  SOLIDAR. 

In  brief,  measurements,  data  collections 
and  data  analysis  are  carried  out  on  an 
event  basis  during  rain  showers  to  define 
rain  cells.  For  the  ground  clutter 
detection  and  suppression,  the  necessary 
measurements  are  made  and  stored  on  an 
optical  disc  during  no -rain  situations. 

2.3  Data  Types 

To  understand  the  basis  of  the  framing- 
based  algorithms,  it  is  necessary  to  have  a 
close  look  at  the  SOLIDAR  data. 

For  a  specified  area,  depending  on  the 
analysis,  purposes,  such  as  ground  clutter 
analysis  or  stability  analysis,  high 
resolution  data  is  available  and  it  is 
called  original  power/phase  area  data.  The 
whole  original  data  cannot  be  stored 
because  of  the  huge  amount  of  data  2  Mbyte 
per  antenna  revolution. 

High  resolution  data  has  to  be  reduced  to 
make  the  system  manageable.  A  reduction  by 
a  factor  of  64  is  achieved  and  this 
modified  data  is  called  raw  data  or  low 
resolution  data,  which  consists  of  33152 
bytes. 

There  are  four  different  types  of  raw  data. 
They  carry  averaged  power,  phase 
information  and  standard  deviations  of 
power  and  phase. 

2.4  SOLIDAR  Data  Visualization 

The  high  and  low  resolution  data  can  be 
displayed  in  the  B-scope  mode  .which  means 
horizontal  pixels  are  used  as  range,  cells, 
and  vertical  pixels  are  used  for  sweeps. 


In  Fig.  1,  pixel  resolutions  are  given  for 
each  type  of  data  format. 
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Fig.  1:  Pixel  resolutions  of  the  original 
data  and  raw  data 


From  the  framing-based  analysis  point  of 
view,  the  B-scope  mode  is  prefered.  Related 
results  are  also  stored  as  data  files  in 
B-scope  configuration.  If  it  is  necessary 
for  visualization  purposes,  they  all  can  be 
transfered  into  polar  coordinates  as  PPI 
mode  pictures. 

3.  THE  BASIS  OF  DATA  HANDLING 
IN  THE  FRAMING-BASED  ALGORITHMS 

3.1  Framing 

For  efficient  monitoring,  when  radar  data 
is  visualized  on  the  screen,  different 
windows  are  used  for  different  types  of 
input  or  processed  data. 

Raw  data  is  displayed  in  the  2-D  range- 
azimuth  B-Scope  mode  and  is  called  the  Data 
Window  (  W  ) ,  and  it  is  divided  .into  equal 
parts  called  frames.  Rain  cells,  depending 
on  the  chosen  rain- intensity  thresholds  and 
space -continuity  threshold,  are  defined  in 
window  MW. 

There  are  two  types  of  framing,  lw/high 
resolution \  framing,  depending  on  the 
accuracy  of  thu  rain  cell  modelling. 

3 . 2  Rain  Intensity.  Thresholding 

All  the  analysis  is  done  on  a  framing-based 
data  handling  basis  and  for  specified  rain 
intensities. 


Raw  data  resolutions  are  *of  sufficient  The  following  formulas  are  used  to  define 
accuracy  to  meet  our  purpose  to  detect  and  rain  intensity  values  in'[nni/hrj  unit, 
subtract  ground  clutter  and -to  define  rain 

cells.  ’  Zf.l  :  reflectivity 

R[.j  :  rainintensity 
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[  .]  -  a  *  RJ-.  ]  b 
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Multi-  or  mono  thresholding-  can  be  chosen, 
depending  •  oh'  the .  analys is -  purposes . 

Uhen  DW  is  displayed,  eachvgrey  level  (  or 
colour  )  corresponds  to -the  different  rain 
intensity  threshold  levels . 

How  these  thresholds  affect,  is  explained 
in  Sections  4  and -5: 

4.  CLUTTER  ANALYSIS 


4.1  Soae  Properties  of- Ground  Clutter 
and  Precipitation  Echoes 
Interest  in  clutter  is-almost  universal  in 
radar  research,  because  most  of  the  echo 
signals  received  by  radar,  do  not  originate 
from * the  desired  target  only,  but  also  ;fiem 
surrounding  objects  or  surfaces  which  tend 
to  mask  the  target  signal. 


In  rainfall  observations  by  radar,  the 
interference  of  ground  clutter  cannot  be 
always  avoided.  Therefore  it  is  necessary 
to  use  techniques  to  extract  only  the 
precipitation  echoes  from  the  received 
radar  signal  by  rejecting  the  ground 
clutter. 


Major  problems  in  implementing  such 
techniques  are  the  need  for  a  huge  and  fast 
computer  memory  capacity  and  for  a  reliable 
low  rain  intensity  detection  data 
algorithm. 

To  solve  these  problems,  framing-based 
clutter  data  is  analysed  and  one  direct 
elimination,  three  different  subtraction 
techniques  are  proposed. 

When  we  consider  radar  systems,  in  which 
the  radar  target  is  defined  as  a  distinct 
desired  object,  we  may  define  clutter  as 
any  kind  of  unwanted  echo  from  clouds, 
precipitation,  land  areas,  sea,  birds  and 
chaff  which  clutter  the  radar  output  by 
making  the  detection  of  the  target 
difficult. 


In  general,  the  radar  echoes  from  weather 
sources  vary  randomly,  while  the  echoes 
from  ground  and  other  ground-based 
obstacles  are  relatively  stable. 
Furthermore,  radar  scattering  from  land  is 
affected  by  rain,  snow  cover,  the  type  of 
vegetation  or  crops,  the  time  of  the  year , 
the  presence  of  streams  and  lakes,  and  man¬ 
made  objects  interspersed  among  other 
terrain  features. 


The  choice  of  an  effective  detection 
process  is  critically  dependent  upon  the 
statistics  of  clutter  and  its  variability, 
as  a  function  of  time,  location  and  radar 
resolution  properties,  which  makes  the 
field  of  clutter  research  so  complex. 

4 . 2  Several  Ground  Clutter 
Elimination  Techniques 
There  are  a  number  of  anti-clutter 
techniques.  From  our  point  of  view,  clutter 
detectioh/suppression  methods  may  be 
grouped  into  two  categories  i.e.  amplitude- 
based  and  phase-based  techniques. 


The-  decision  process  in-  -this:  class  of 
methods  .is-  based  on'  '  the:  statistical 
amplitude  properties  of-  radar  data.  ' 

The  amplitude  fluctuations  of  the  radar 
data  provide  the'  opportunity  to  reject 
ground  clutter  in  -order  to  extract 

?recipitation  echo  'signals'.- This  technique 
s  called  wm- coherent  Mil.  In  practice, 
however;  the  -use  -of  the  correlation 
coefficient  is  better  for  studying-  the 
fluctuation  characteristics  of  the  signal 
amplitude . 

However,  uniform  noise  superimposed  on  the 
ground  ;  clutter  signal'  can  never,  be 
rejected;  On  the:- -other  hand,.:  amplitude 
fluctuations  coming  from  low.  rain- intensity 
levels  are. :not  enough-  to:  distinguish  them 
from  high  ground  clutter.  These  are  the 
reasons  why  we  recently  started  to  analyse 
phase  fluctuations  together  with  amplitude 
fluctuations  to  detect  precipitation  echo. 

The  phase  information  of  the  radar  data  can 
be  used  as  a  decision  parameter  in  target 
and  clutter  discrimination  methods,  such  as 
moving- target  indication  (  MTI  or  coherent 
KTI  ) 

Problems  arise  for  rain  cells  moving 
through  the  radar  beam  with  a  small  radial 
velocity  only. 

These  problems  can  be  eliminated  by 
analysing  phase  fluctuations  based  on  full 
scan-to-scan  decorrelation  for  rain  and 
high  scan-to-scan  correlation  for  ground 
clutter. 

4.3  Framing-Based  Clutter  Study  [4]  [5] 

4.3.1  Ground  Clutter  Detection 
In  our  method,  we  detect  and/or  eliminate 
ground  clutter  by  using  its  space,  time 
continuity  and  phase  fluctuations.  The 
space  continuity  threshold  value  has  a 
strong  effect  on  the  clutter  study.  In 
no-rain  situations,  depending  on  the  chosen 
space-continuity  value,  frames  containing 
ground  clutter  echo  can  be  specified  ana 
called  clutter  frames.  They  are  categorized 
according  to  their  reflectivities  -nd  their 
space  continuities. 

To  decide  whether  radar  data  includes 
precipitation  echo  or  not,  calculated  raw 
phase  correlations  are  used.  Two  successive 
scans  from  an  antenna  revolution  at  the 
same  azimuth  and  at  the  same  elevation 
deliver  highly  correlated  ground  clutter 
observations,  while  rain  is  .uncorrelated 
from  scan  to  scan.  Further  analysis  can  be 
done  on  a  scan-to-n  scan  basis. 


Up  to  now,  very  high  reflectivity  clutter 
frames  and  non-clutter  frames;  low_space 
continuity  frames,  have  been  analysed. 
Further  research  is  required  to 
characterize  different  clutter  frames  in 
order  to  make  the  decision  process  simple 
and  more  reliable. 


4.3,2.  Ground  Clutter  Elimination 
When  There  la  local  Rain  . 

If  the  rain  is  local,  it  only  comprises ;a 
few  frames.  By  detecting  the  movement  of 
the  rain  cell  (  Sec  cion  5  ),  the  rain 
frames  can  be  specified.  Attention  should 
be  given  to  them  because  the  remaining 
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small  cells  include  clutter  echo  as  well, 
and.  these  clutter  frames*  have  .to.  be 
excluded  in  the  definition  -of-  the.  rain 
cells." 

4.3.3,  Grpund* Clutter  Elimination 
byMeans  of  UpDated  Clutter  Map  _ 
the 'basic  principle:  .of 'the  Area-  MTT  or 
Clutter :  Map  is  to  -  store  representative .  data 
in, -dry  - weather  conditions  in  order  to 
remove:(.'them-  from  the-  output  residue  on 
subsequent  scans  by  either ‘subtraction -or 
gain  normalization. 

Later,  when  rainfall  observations-  byvradar 
are  carried  out,  the  radar  data  which/. may 
bei  superimposed  by  ground  clutters  are 
subtracted'" vfrom  the  ground  data  already- 
stored;,  and  then-,  only  the  precipitation 
echo  will  be  obtained. 

This  technique  is  applicable  especially  to 
ground  clutter,  because  returns  from  land 
clutter  scatterers  usually  are  spatially 
fixed  and  therefore  appear  at  the  same 
range  and  bearing  from  scan  to  scan. 

There  are  some  hardware  problems  such  as 
the  lack  of  appropriate  memory, 
registration  accuracy,  simultaneous  read- 
ana-write  capability,  and  stability.  The 
development  of  high-capacity  semiconductor 
memories  is  the  technological  breakthrough 
that  has  made  the  desugn  of  a  working  area 
MTI  a  reality.  Another  disadvantage  is  that 
an  obstacle  moistened  by  rain  produces 
different  reflections  that  when  dry.  In 
addition,  the  wave  propagation  and  thus  the 
ground  clutter  is  highly  variable, 
especially  over  flat  land. 

Framing-based  clutter  subtraction 
techniques  eliminate  these  problems  to  a 
certain  extent  by  analysing  some  part  of 
the  reduced  radar  data  scan-to-scan. 

When  rain  is  detected,  the  previous  radar 
data  is  assigned  as  the  UpDated  Clutter  Hap 
and  subtracted  scan-by-scan  from  the  radar 
data  to  distinguish  the  precipitation 
signal.  This  method  is  called  the  Directly 
Upaatad  Clutter  Map. 

To  define  the  UpDated  Clutter  Map,  two 
other  methods  based  on  framing  are  also 
worked  out.  They  are  called  the  Framing- 
Based  Clutter  Pixel  Averaging  and  the 
Framing-Based  Weighted  Clutter  Pixel 
Averaging. 

For  framing-based  methods,  the  clutter 
frames  are  specified.  However,  in  these  two 
methods,  additional  clutter  pixels  (  from 
strong  clutter  reflections  )  should  also  be 
specified  for  each  clutter  frame.  The 
difference  between  these  two  methods  is  (he 
definition  of  the  clutter  pixels  and  the 
assigned  vallues  of  the  cluter  pixels. 

The  last  method  may  provide-  an  opportunity 
to  eliminate  the  effect  of  the  weak 
clutters.  However,  It  should  be 
investigated  theoretically  and 
experimentally  before  their  properties  and 
capabilities  are  given  in  more  quantitative 
description. 


5.  FRAMING-BASED  RAM  CELL  MODELLING 

5.1  Definition  of  the. Rain 
In. -weather  radar-  data  processing,  -maty- 
problems  arise  :  ,  As  -  mentioned nbefore,  ..real¬ 
time  processing  becomes  very  difficult 
because  of  the  huge  amount  of -radar  data: 
Also-,  -.clouds.,  have  blurred  (--'  'noisy 
boundaries.  The  -hunan  '  eye  can,  easily 
-  interpret  the  edge  and  contour  of  a  cloud 
configuration,  it  Is  easy,  to  follow  a 
contour  when  a  picture  presents  a  few  grey 
levels.  It  is  difficult  for  a  computer  to 
construct  the  closed  contour  iof  such  a 
cloud  and,  therefore,  techniques  used  in 
this  field  are  -somewhat,  complicated.,  r, 

■ 

A  recently  implemented  F«ain  Cell  (RC) 
Modelling  technique  [4]  [5]  developed  by 
the  TUDelft  eliminates.,  most  of  these, 
problems.  Here,  it  is  explained  how  the  RC 
Algorithm  derives  the  rain  cell  for  a  given 
rain- intensity  threshold  and  space 
continuity  threshold,  and  how  rain  cells 
are  modelled. 

As  has  been  mentioned  before,  all  analysis 
is  done  frame  by  frame  for  specified  rain 
intensity  thresholds  and  space  continuity 
threshold. 

The  distribution  of  the  rain  intensity 
thresholds  In  frames  provides  information 
about  the  rain  cell  edges.  It  is  the  space 
continuity  properties  of  rain  cells. 

There  is  an  important  remark  to  be  made  at 
this  point,  raw  power  data  are  used  as 
input  -data  without  any  clutter  elimination 
technique  being  applied  to  it.  This  study 
was  supported  by  Dutch  HT  .mder  the 
Contouring  Contract  and  this  contract  was 
performed  before  the  clutter  stuefy. 

When  a  rain  cell  is  determined  for  given 
rain- intensity  threshold  and  space- 
continuity  threshold,  this  model  includes 
the  following  parameters; 

*  contour  of  the  rain  cell, 
as  a  set  of  rectangles, 

*  cell  size. 

*  centre  point, 

*  orientation, 

*  distribution, 

*  maximum  rain- intensity  centre 

*  maximum  rain- intensity  value 

5:1.1  Rain  Cell  Contour  Definition 
When  the  level  of  noise  is  low,  contours 
can  be  detected  by  using  only  local 
criteria  by  means  of  thresholding.  However, 
the  choice  of  the  proper  value  for  the 
threshold  is  very  Important  and  it  is 
notoriously  difficult  to  choose  a  good 
binarizing  threshold. 

There  are  several  aetliOua  for  rain  cell 
contour  determination.  However,  most  of 
them  are  not  applicable  to  real-time  radar 
data  processing.  Therefore,  when  we 
consider  the  future  prospects,  real-time 
capability  of  the  chosen  technique  is  of 
interest.  For  this  reason,  we  proposed 
rectangular-shaped  rain  cell  contouring. 

The  RC  Algorithm  searches  only-.,  a  limited 
number  of  neighbourhoods.  The  reduction 
rate,  obtained  in  this  way,  changes  between 
37.5  %  and  50  %,  depending  on  the  fracing . 
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The  awunt  of  radar  data  is  reduced  to  the, 
tuijer  df  frames  ^consisting  of  rain:  cells . 
When  thousands  of  itens  of  radar  ,  data  have 
to  be  processed,  the  reduced  data  can  also 
be  used  for  off-line  statistical',  analysis 
purposes;'  ' 

5.2  Utilization  of  The  Rain  Cell 
Modelling" 

5.2.1  Orientation  and  Distribution 
bv  Means  of  Multi -Thresholding 

One  of  the  most  premising'  features  is  the 
unit L- thresholding.  To>  show  how  it  can  be 
used  for  modelling  and 'analysis'  stuoies,  a 
brief  example  is  given"in  Fig;  2. 


Fig.  2(a)  shows  raw  power  data  with  three 
rain- intensity  threshold  levels,  R[1J“3 
nm/hr,  'R[2r-6  smflir  and  R[3]-10  »0ir. 
Fig;  5(b)  shows  the  frames  filled  with  rain 
after  thresholding. 
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An  original-  rain,  cell-  -can  ■•be:  s imply 
transformed  into' :a.  circle?  .To?  define;  a 
circle ,  ,  the  .  centre  - :  point  and:  ;the  -radius 
should  be  specified;. :  The.  centre,  of-  the 
circle  is-  the-  centre  ,  point,' of  the1' .rain 
cell;  and  the  radius  is  calculated-firm  the 
cell  size.  :Vhen  they,  are-  .defined  for 
different .  rain- intensity  thresholds,  the 
cell-  orientation-  can  be  specified.  -After 
this  definition,'  the  /'  rairilintehsity 
distribution.,  in  die  rain,  cell  can  be 
derived:  in  .any  direc tion depending  on  the 
user's  interest  (>Fig.  2(c)  ). 

5.2.2  Moving  Cell 

As -mentioned  before,  it  is  also  possible  to 
predict,  the  trend  of  the  rain  cell  by.  using 
the  time  series  of  the-  rain  cell  for 
specified  rain- intensity  threshold  and 
space -continuity  threshold.  ■'  * 


MRU 


(a)  Raw  data  in  64  frames 


(b)  Rain  frames  after  thresholding 


(c)  Rain-intensity  distribution  and  orientation 
Fig  2:  Multi-thresholding  effect 
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5  ;3i.  Comparison  With  EXCELL  Model 
[CAPSOJSr  C. ,  PARABONI.A.]  [3] 

For.'  modelling  purposes-,,  basicly  three 
methods  are -used:  Enpirlcal '.models -give,  the 
results  :of  rprediction-  by  using 
equiprob ability  rules  andrelations  whose 
paraaeters.have  -been  .optimized  over  a  large 
number  of'  different  experiments  -.  Analytical 
models  describe  the  physical  'process 
analytically;  They  are  based  on' an  easily 
manageable -mathematical'. idescription.  It  is 
not  applicable!,  when  the.  common  volume  is 
large.  Physical  models  are  more  flexible 
and  are  widely  accepted,  for  example,  to 
handle  propagation  data,  because 
measurements  are  rarely  taken  in  the  same 
circumstances.  In  the  end  it  either  works 
or  it  does  not. 

The  potentials  and  applications  still  have 
to  be  proved  based  on  reliable 
measurements.  Therefore  we  limit  ourselves 
here  to  physical  models. 

The  Quasi  Physical  Rain  Cell  Model 
developed  by  C.  Capsoni  and  A.  Paraboni, 
and  described  in  the  literature  is 
substantially  based  on  a  distribution  of 
rain  cells  characterised  by  the  inside 
distribution  of  rain.'  R,  obeying  an 
exponential  shape  and  the  conditional 
average  radius  <rQ>.  This  radius  depends  on 
the  peak  value  of  rain  For  a  given  peak 
rain-fall  rate,  the  radial  intensity 
profile  follows  an  exponential 
distribution.  This  means  that  each  rain 
cell  is  simply  defined  by  Rm  and  ro. 

In  the  RC  Model,  introduced  by  the  TUDelft, 
the  same  analysis  can  be  derived  not  only 
for  the  peak  rain-fall  rate,  but  also  for 
any  rain- intensity  value  which  is  defined 
as  a  rain- intensity  threshold.  However, 
there  are  also  additional  outputs  which 
give  more  opportunities  for  statistical 
analysis,  simple  modelling  and  correlation 
studies . 

The  output  of  the  model  consists  of  a  set 
of  data  files  for  each  rain  cell  at  a 
certain  time,  and  each  one  containing  a 
rain  cell  representation  according  to  the 
user's  interest. 

Radar  rain-cell  measurements  and  rain-gauge 


values  can  jbe  .used  for-  calibration.  It  ,is 
also*  .  possible  to  .  use  ..them -to  measure 
on-line  satellite  link  performance-.,  .  ^ 

In  this-  RC  Model-,  not,  only -the  geometrical 
dependence  of  the  rain  cell  but  also  the 
time  dependence  can  be  derived  by  means  of 
a  time  series,  which  carries -information,  to 
distinguish  moving  rain  cells  from  fixed 
targets. 

Additionally,,  the  -velocity  of  the  rain  cell 
per  antenna-'  revolution  can  be  easily 
calculated  from  the.  reduced  data,  set,  and 
the  trend  .  of  the  moving,  cell  can  be 
predicted  by  using  the  time  series  to 
define  how  the  rain  cell  passes  through  the 
beams. 

In  brief,  the  RC  Model  has  not  only  the 
capability  to  define  rain  cells  and  to 
predict  the  trends  of  rain. cells,  but  the 
model  has  a  great  potential  to  be 
implemented  in  real-time  SOUDAR  processes. 
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1  SUMMARY 

The  purpose  of  this  paper  is  to  describe  a  calibration 
procedure  used  in  conjunction  with  the  CNET  HF  backscatter 
radar  at  Losquet  Island,  France.  This  procedure  characterises 
the  capability  of  the  radar  to  determine  angles  of  anival  of 
echoes  by  beam  scanning. 

2  INTRODUCTION 

In  the  area  of  HF  backscatter  radar,  data  analysis  techniques 
are  often  hampered  by  the  lack  of  prior  knowledge  of 
propagation  conditions  within  the  refraction  zone  of  the 
ionosphere.  Determination  of  the  precise  location  of  the 
backscattering  area  (coordinate  registration)  and/or 
determination  of  the  angles  of  arrival  of  the  backscattered 
signal  helps  to  deal  with  this  difficulty. 

In  order  to  investigate  the  possibilities  in  this  area  afforded  by 
the  CNET  HF  backscatter  radar  at  Losquet  Island,  a 
calibration  procedure  was  used  to  study  the  ability  of  the  radar 
to  determine  azimuth  and  elevation  angles  of  arrival  of 
backscatter  echoes  by  beam  scanning. 

Before  giving  results  from  this  calibration  procedure  we 
describe  briefly  the  CNET  radar  and  the  mobile  HF 
transponder  which  is  used  for  calibration. 


3  THE  LOSQUET  ISLAND  BACKSCATTER 
RADAR 

This  instrument,  situated  at  Losquet  Island,  in  Brittany 
(48.8N,  3.6W)  has  been  described  elsewhere  (1)  (2).  It  has 
the  following  characteristics,  which  are  of  interest  in  this 
context :  operating  frequency  is  chosen  between- 6  and  30 
MHz.  2  circular  concentric  antenna  arrays  are  used  for 
transmission  and  reception.  * 

Array  directivity  patterns  are  controlled  through  the  use  of 
digital  phase  shifters  on  all  antennas.  Beamforming  and 
scanning  of  the  beam  over  360°  in  azimuth  and  0°-90°  in 
elevation  are  thus  possible.  3  dB  beamwidth  varies 
approximately  between  20°  at  6  MHz  and  5°  at  30  MHz. 
Further  information  on  directivity  patterns  is  given  by  Ruelle 
et  al.  (3), 


♦  the  transmitting  array  is  94  m  in  diameter,  with  32  antennas 

*  the  receiving  array  is  140  m  in  diameter,  with  64  antennas. 


Group  delay  analysis  of  backscattered  echoes  is  possible 
through  the  use  of  a  pseudo-random  modulation  of  the 
transmitted  signal  (as  described  by  Goutelard  et  al.  (4)).  This 
can  be  combined  with  scanning  either  in  frequency  f,  in 
azimuth  beam  angle  azo  or  in  elevation  beam  angle  elo, 
resulting  in  what  we  call  scan  soundings,  which  are  records  of 
backscattered  power  P  vs.  group  delay  Tg  and  scan  parametet 
(either  f,  azo  or  elo). 


The  precise  effect  of  beam  angle  on  backscatter  data  was  not 
well  known,  however,  and  an  experimental  (echniaue  was 
needed  to  characterise  it.  For  this  purpose  a  mobile  HF 
transponder  was  used. 

4  THE  TRANSPONDER. 

A  remote  radar  transponder  produces  in  effect  an  artificially 
intense  point-like  target  in  the  far  field  of  the  radar.  Its  image, 
which  is  distorted  by  the  propagation  medium  and  by  the  radar 
itself,  is  useful  in  characterising  the  instrument  response 
because  we  know  the  geometry  of  the  propagation,  as  in  our 
case  where  we  wished  to  study  the  effects  of 
azimuth/elevation  scan  soundings. 

The  transponder  we  use  functions  according  to  the  following 
principle  :  the  signal  transmitted  from  the  radar  at  f  =  10.8 
MHz  is  detected  by  a  receiving  antenna.  It  is  then  frequency 
shifted  to  f  =  10.4  MHz,  amplified  (200  W  amplifier)  and 
retransmitted  through  a  second  antenna.  This  retransmitted 
signal  is  then'  detected  by  the  radar.  Since  the  radar  transmits 
and  receives  at  frequencies  that  are  400  kHz  apart!  no  natural 
clutter  obscures  the  transponder  image  (yet  400  kHz  is  small 
enough  that  ionosphere  and  radar  properties  remain  essentially 
the  same).  This  dual  frequency  technique  allows  continuous 
operation  of  the  transponder,  which  is  an  advantage  for  us 
because  the  radar,  itself  uses  a  50%  duty,  cycle  (transmitting 
and  receiving  arraysbeingcolocated).  However  it  requires 
very-strong  decoupling  between  transponder  transmit  and 
receive  antennas.  This  dictates  the,  400  kHz  frequency 
separation,  and  is  achieved  by  placing  transmit  and  receive 
antennas  20  m  apart,  and  by  using  a  notch  filter  at  the  output 
of  the  receive  antenna,  which  rejects  the  retransmitted 
frequency,  f.  Future,  plans  include  modifications  to  the 
transponder  enabling  it  to  operate  at  frequencies  higher  than 
10  MHz. 

Since  this  transponder  is  mobile,  it  has  been  operated  at  a 
variety  of  remote  locations.  During  these  operations,  azimuth 
and  elevation  scan  sounding',  were  recorded  over  various 


lengths  of  time  for  further  analysis.  In  order  to  properly 
interpret  these  experimental  results,  it  was  necessary  to 
determine  ionospheric  propagation  conditions  independently. 
This  was  dene  as  described  in  the  following  paragraph. 

S  SIMULATIONS  IN  SUPPORT  OF 

TRANSPONDER  DATA  INTERPRETATION 

Our  objective  was  ;6  determine  the  mode  structure  (time  deiay 
and  elevation  angle  for  each  mode)  o'  the  point-to-point  link 
between  radar  and  transponder  at  frequencies  f  and  f.  This 
would  then  help  us  in  separating  propagation  effects  from 
those  due  to  the  radar  directivity  pattern. 

From  vettical  incidence  (V.I.)  ion.osonde  data  recorded  near 
the  radar-transponder  midpoint,  we  could,-  using  standard  real 
height  inversion  techniques,  derive  an  electronic  density 
profile  in  the  refraction  zone.  This  was  then  used  as  an  input 
to  propagation  modelling  by  fitting  this  profile  with  a  multi 
-quasiparabohe  model,  as  described  by  Hill  (5).  This  model 
has  been  used  extensively  by  several  groups  recently  (6)  (7) 
for  propagation  simulation  because  analytical  solutions  are 
obtained  for  group  delay  and  ground  distance  calculations, 
and  because  an  arbitrarily  good  fit  to  real  profiles  is  possible. 

We  define  the  electron  density  profile : 

where : 

±  sign  is  linked  to  quasipaiabolic  (-)  or  inverted 

quasiparabohe  (•!■)  nature  of  i-th  layer 

Nal :  maximum  value  of  electron  density  for  the  i-th  layer 

r  =  h  +  ro ;  h :  altitude,  ro :  radius  of  the  earth 

rmi :  value  of  r  for  N(r)  =>  Nmi  (peak  of  the  i-th  layer) 

n>l :  value  of  r  at  the  base  of  the  i-th  layer 

ymi :  semi-thickness  of  the  i-th  layer  (rmi  =  n>i  +  ymi) 

i  runs  from  1  to  7  because  we  assume  4  quasi-parabolic  layers 
to  represent  the  E,  FI  and  F2  layers,  and  the  valley  between  E 
and  FI.  Between  these  4  layers  we  sandwich  3  quasi¬ 
parabolic  connecting  layers,  resulting  in  a  7  piece  profile. 

Connecting  layer  parameters  are  forced  by  imposing 
continuity  of  the  profile  and  its  derivative  at  junction  points. 
Valley  parameters  are  deduced  from  the  E  layer : 

NmV  “  NmE/1 .04 
rmV  ■  rmE  +  20  km 
ymV=  15  km 

as  usually  assumed  in  real  height  ionogram  analysis. 

Thus  E,  FI  and  F2  layer  parameters  may  be  adjusted  to  fit  the 
real-height  profile.  We  are  then  able  to  perform  fast 
calculations  of  group  delay  Tg  and  ground  distance  D  for 
raypaths  at  specific  elevation  angles  and  frequencies.  In  our 
case  the  distance  Dofradar-transponder)  and  the  frequency  (f, 
f)  being  known,  we  use  Newton's  method  to  solve ; 

D  =»  D(e)  (2) 

In  eJFor  the  appropriate  angles  Tg  is  then  computed,  and  we 
have  (e,  Tg)  pairs  for  up  to  six  single  hop  modes  (IE,  1F1-, 
1F2,  with  high  and  low  rays)  plus  multiple  hops.  Figure  1 
shows  an  example  of  this  result.  This  simulation  can  the  be 
updated  in  time  to  reflect  the  evolving  propagation  conditions 
in  the  refraction  zone. 

Since  the  radar  is  able  to  analyse  echoes  in  the  group  delay- 
arimuth-elevation  space  by  scanning,  we  should  then  be  able 
to  see  a  number  of  point-like  features  at  a  fixed  azimuth,  lying 


along  a  fixed  Tg(e)  curve,  as  shown  in  figure  1.  This  picture, 
however,  is  subject  to  a  number  of  perturbations  winch  are 
mentionned  in  the  following  paragraph. 

6  PERTURBATING  EFFECTS 

6.1  Low  resolution 

Radar’ temporal  and  angular  ambiguity  functions  will  lead  to  a 
smearing  out  of  point-like  echoes.  Time-delay  resolution  is 
close  to  0.2  ms.  Angular  resolution  is  more  difficult  to 
characterise,  though  3  dB  beamwidth  is  an  indication  (at  10 
MHz  it  is  of  die  order  of  12°  in  azimuth  and  15°  in  elevation). 

6.2  Fading 

Small  scale  variability  of  the  Ionosphere  will  lead  to  rapid 
amplitude  variations’ of  the  different  modes,  thus  changing 
notably  the  aspect  of  instantaneous  scan  results.  Time 
averaging  of  data  can  reduce  this  effect. 

6.3  Mixed  modes 

Since  measurements  are  made  after  a  two-way  propagation, 
the  tadar-transponder  path  may  correspond  to  one  mode,  and 
the  transponder-radar  path  to  another.  Elevation  angle  is 
measured  on  the  return  path,  whereas  time  delay  is  the  sunt  of 
the  forward  and  return  delays.  There  is  then,  for  a  given 
computed  mode  characterised  by  its  elevation  angle,  a  number 
of  mixed  modes,  with  Tg  above  or  below  that  of  the  "pure" 
mode,  depending  on  the  forward  path.  This  effect,  which  is 
illustrated  by  figure  1,  will  combine  with  low  resolution  (6.1) 
to  cause  a  time  delay  broadening  in  experimental  results. 

There  will  also,  in  all  likelihood,  be  a  change  in  the  apparent 
slope  of  the  Tg(e)  curve,  as  shown  in  r'g'"«  1  As  we  will 
now  see,  these  effects  were  indeed  detected  in  the 
experimental  data. 

7  EXPERIMENTAL  RESULTS 

We  report  on  results  obtained  during  a  campaign  conducted 
from  15  to  19  april  1991.  The  transponder  was  operated  from 
a  CNET  site  at  La  Turbie  in  Southern  France  (43, 7N,  7.4E), 
Azimuth  from  Losquet  Island  is  1 19.3°  and  ground  distance  is 
1014  km. 

During  this  time  azimuth  scans  (0°  to  360°,  5°  step)  and 
elevation  scans  (0°  to  60°,  3°  step)  were  recorded,  each  scan 
being  of  about  40  s  duration.Thcse  were  then  combined  by 
averaging  30  to  40  scans  over  20  minute  periods  to 
compensate  for  fading  effects. 

Examples  of  results  are  given  in  figure  2,  which  is  an  azimuth 
scan,  clearly  showing  a  peak  in  the  correct  direction,  and  in 
figure  3,  an  elevation  scan.  In  figure  3  calculated  pure  and 
mixed  modes  have  been  superimposed  on  the  experimental 
results,  which  clearly  shows  the  time  delay  broadening  and 
smearing,  and  also  the  apparent,  slope  of  the  resulting 
elongated  shape,  which  is  weaker  than  predicted. 

During  this  campaign,  ionograms  from  the  Poitiers  VI 
sounder  (situated  T45  km  from  the  radar-transponder 
midpoint)  were  recorded  every  15  minutes,  Then,  following 
the  procedure  of  section  5,  we  simulated  propagation 
conditions  during  the  experiment.  Figure  4  shows  an  example 
of  this  from  17  april  1991.  These  simulations  enabled  us  to 
interpret  the  data. 


8  DATA  INTERPRETATION 
8.1  Azimuthal  scans 

Our  data  set  shows  that  azimuth  discrimination  is  efficient ; 
figure  2  gives  an  idea  of  azimuth  angle  resolution  (which  is 
rather  low  compared  to  other  HF  radars  because  of  the  small 
overall  size-140m-of  the  array). 
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8.2  Elevation  scans 

Elevation  scans  produce  the  expected  (see  6.3)  elongated’ 
shape,  as  seen  in  figure  3,  with  one  or  more  amplitude  t 
maxima.  Our  objective  was  to  relate  the  position  of  these  ' 
maxima  in  the  (Tg.e)  space  to  predicted  propagation  modes. 

An  exemple  of  this  is  given  for  17  apnl  1991  in  figure  4, 
where  the  positions  of  the  maxima  recorded  at  various  times 
during  the  day  are  superimposed  on  simulated  propagation 
conditions.  In  this  example,  it  can  be  seen  that  a  good  match 
for  the  low  IF1  mode  is  a1  ways  present,  while:for  the  1F2 
mode  this  is  occasional  (though  only  when  this  mode  is 
actually  predicted  to  be  present).  There  is  usually  no  match  for 
the  IE  mode  although  this  is  always  predicted  to  exist.  Since 
the  predicted  elevation  for  the  low  IE  mode  is  10°,  it  is 
possible  that  this  mode  is  affected  either  at  the  radar  or  more 
probably  at  the  transponder  site  by  bad  low  elevation 
propagation,  due  to  ground  characteristics. 

Reliable  mode  identification  in  the  (Tg,  e)  space  appears  to  be 
restricted  to  one  dominant  mode,  here  1F1.  Indeed  the 
analysis  of  our  complete  data  set  confirms  this,  and  it  is 
further  illustrated  by  the  example  of  figure  5  (18  april  1991) 
where  simulations  predict  a  transition  from  a  1F2  to  1F1  mode 
over  a  period  of  about  one  hour.  This  seems  to  be  confirmed 
by  the  position  of  the  maximum  in  our  experimental  data. 


9  CONCLUSION 

Our  experimental  and  theoretical  work  on  transponder 
techniques  has  given  us  a  clearer  idea  of  angular 
discrimination  capabilities  of  the  CNET  radar,  particularly  In 
the  elevation  domain.  We  show  that  when,  as  is  usually  the 
case,  there  exists  a  dominant  propagation  mode  (in  terms  of 
signal  amplitude)  then  this  mode  can  be  discriminated  in  the 
(Tg,  e)  space  by  scanning,  while  finer  structure  is  usually  lost 
due  to  broadening  and  smearing,  both  in  group  delay  (caused 
by  mixed  modes)  and  in  elevation  angle  (caused  by  large 
beamwidth). 

This  conclusion  is  of  interest  for  the  analysis  of  backscatter 
radar  data  because  a  similar  situation  occurs  due  to 
amplification  of  clutter  power  caused  by  so-called  leading 
edge  focusing.  This  focusing  produces  an  increase  in  echo 
power  for  raypaths  exhibiting  minimum  time  delay  (see  Croft 
(8))  so  that  a  sort  of  natural  transponder  is  created. 

This  work  gives  us  confidence  in  using  elevation  scan 
techniques  to  determine  the  location  of  the  backscatter  leading 
edge  in  the  (Tg,  e)  space.This  data  should  then  prove  veiy 
useful  in  the  application  of  backscatter  data  to  ionospheric 
propagation  diagnostics,  as  proposed  by  Gauthier  et  a!.  (9). 
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Figure  4  :  evolution  of  time  dolay  and  elevation  of 
propagated  modes.  - :  simulation  and  experimental. 
17  april  1991. 
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Figure  5  :  evolution  of  time  delay  and  elevation  of 
propagated  modes.  - :  simulation  and  experimental. 
18  april  1991. 


DISCUSSION 


C.  GOUTELARD 

Vous  inlroduisez  unc  valliie  dans  le  profil  ionospMriquc  moddlisd  quc  vous  ulilisez.  C’cst  unc  cxcelle.ite  chose 
notamment  parte  que,  commc  f’a  fait  Dudeney  dans  son  module,  la  diversity  du  profil  devient  continue,  ce  qui  facililc 
les  calculs  de  rayons.  Comment  4  partir  dcs  sondages  zdnithaux  remoniez-vous  4  la  vallde?  Ulilisez-vous  une  mdthodc 
particulifere? 

You  introduce  a  valley  into  the  modelled  ionospheric  profile  which  you  have  used.  This  is  excellent,  especially  since, 
as  in  the  Dudeney  model,  the  diversity  of  the  profile  becomes  continuous,  which  facilitates  ray  calculations.  How  do 
you  gel  back  to  the  valley  front  the  zenith  soundings?  Do  you  use  a  special  method  ? 

AUTHOR’S  REPLY 

Les  paramfctres  de  la  valldc  sont  obtenus  4  partir  de  ccux  de  la  couche  E  4  l'aide  des  relations  qui  sont  utilises  dans  le 
programme  d’inversion  POLAN  (Thithcridge). 

The  parameters  of  the  valley  are  obtained  from  those  of  the  E  layer  using  equations  used  in  the  POLAN  inversion 
programme  (Thitheridge). 
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14.  Abstract 

Increasing  complexity  and  sophistication  of  modern  military  sensor  and  weapon  systems  require  a 
more  accurate  and  timely  description  of  the  propagation  environment  for  the  entire 
electromagnetic  spectrum  (from  extremely  low  frequencies  through  the  ultraviolet  band).  Active 
and  passive  remote  sensing  techniques  deployed  from  the  ground,  from  airborne  platforms  and, 
very  importantly,  from  satellites  offer  the  greatest  potential  for  producing  the  desired  information 
in  a  timely  manner. 
t\hTO 

The^ymposium  addressed  first  the  subject  of  sensing  tropospheric  refractivity  using  propagation 
measurements  and  various  other  remote  sensing  technique.,.  The  second  topic  focussed  on 
ionospheric  sensing  techniques  and  interpretation  of  remotely  sensed  signatures.  The  Symposium 
then  turned  to  sensing  of  aerosols  and  other  atmospheric  parameters  important  for  the 
propagation  of  visible  and  infrared  radiation.  Also  covered  were  techniques  to  measure  winds, 
temperature,  liquid  water  and  humidity  in  the  lower  atmosphere.  Finally,  measurement,  inversion 
and  processing  techniques  were  presented^^ 
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